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Thesis Abstract 
Scarcity of fossil fuel coupled with ever-increasing requirements for energy in 
Australia and the rest of the world provide the impetus to look for alternative, 
sustainable energy sources. Production of alternative fuel, such as ethanol, from corn 
and sugar cane are today commercially viable operations in the USA and Brazil. The 
biomass used from corn and sugarcane is in the form of starch and sucrose, 
chemicals that are easily converted to ethanol. However, because corn and 
sugarcane are used for food, the fuel industry is competing with the food industry for 
these crops. Crop residues are produced in abundance in agriculture and forestry 
and are a potential source of plant biomass for ethanol production. Australia is a 
major wheat producer, and after harvest, there is a large biomass residue in the form 
of cellulose, rather than starch or sucrose. Like corn and sugar cane, cellulose from 
wheat, can be converted to glucose to generate ethanol but only after breakdown by 
cellulase enzymes.  
There has been extensive research conducted into the bio-conversion of 
lignocellulose to soluble sugars. Presently, engineered organisms such as the yeast 
have been developed for simultaneous saccharification and fermentation process for 
producing novel cellulases required for converting complex sugar molecules to 
fermentable sugars (Mielenz, 2001). The process of producing enzymes by this 
method is expensive and alternative inexpensive means of enzyme production have 
been investigated (Austin-Phillips et al., 1999; Kawazu et al., 1999; Sakka et al., 
2000). One approach is to express the cellulose enzymes in transgenic plants in the 
hope that the cost of enzyme production and hydrolysis of cellulose to fermentable 
sugars will be reduced. There are reports of successful cellulase expression in 
   xv  
transgenic plants such as Arabidopsis, tobacco, duck weed, maize, and rice (Dai et 
al., 1999; Hood et at., 2007; Oraby et al., 2007; Sun et al., 2007; Ziegler et al., 2000), 
but more research is necessary to increase the level of cellulase enzyme expression 
in plants in order to make the process economical. 
In this study plants were transformed with two genes; the Endoglucanase1 (E1) gene 
from Acidothermu. cellulolyticus, and the Cellobiohydrolase1 (CBH1) gene from 
Trichoderma. reesei. Genes for E1 and CBH1 were expressed in transgenic wheat 
plants. The expression of E1, accumulated up to 0.6% of the total soluble protein 
(TSP) in leaf material. More significantly, for the first time CBH1 also accumulated to 
0.25% of the TSP in leaf material, nearly twice the expression levels achieved in 
tobacco. The catalytic domain of E1 and CBH1 cellulases were also co-expressed for 
the first time in transgenic wheat. The recombinant cellulases expressed in wheat 
plants were observed to be biologically active. This work paves the way for the 
generation of transgenic wheat expressing genes for several different cellulases. 
These findings are significant given that wheat is, an important crop species and one 
of the largest sources of agricultural residue and potential sources of biomass for 
sustainable biofuel production. 
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Chapter1: Literature review 
1.1 Lignocellulose from agricultural waste 
There has been a dramatic increase in the global production of biofuels in the recent 
years, ranging from 18.2 billion litres in 2000 to 60.6 billion litres in 2007, with 
bioethanol being 85% of the estimated production (Coyle, 2007). Presently, fossilised 
biomass forms of coal and oil is utilised for fuel production. However, the costs of fuel 
production from fossilised coal and oil have gone up due to a number of important 
factors; one is the depletion of petroleum supplies from known reserves with increase 
in demand from developed and developing economies, and a second factor is the 
concern over global warming and greenhouse gas emissions from the use of fossil 
fuels. Therefore, interests in biofuels from agricultural crop residue that reduce 
carbon emissions has gained momentum in the recent years. 
Agricultural crop residues contain significant amounts of cellulose, the most abundant 
biopolymer on Earth and contribute significantly to the Earth’s available biomass 
(Bayer et al., 1998; Karlsson et al., 2002; Kleywegt et al., 1997). Most importantly, 
wheat produces 8.5 x 108 tonnes of crop residue annually and is considered to be 
one of the largest sources of waste cellulose (Talebnia et al., 2009). Plant waste 
contains all the biologically stored energy in the planet’s flora that can be exploited 
for fuel needs (Aristidou and Penttila, 2000). The estimated greenhouse gas 
emissions from bioethanol is expected to be reduced approximately by 30% to 85% 
in comparison to gasoline, depending on the feedstock  used (Fulton et al. 2004).  
Whilst bioethanol production from agricultural crop residues shows promise. There 
still exist limitations. The major impediment to commercial cellulosic ethanol 
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production is the current high production costs, estimated to be between US$102 and 
US$123 per barrel (Tyner, 2008). The challenge is to reduce high costs in 
transportation of feedstock to the plant, reduce capital investments and input costs, 
reduce enzyme production and processing costs. All combine to make cellulosic 
ethanol production using current technologies expensive. In addition, one of the 
major limitations includes hygroscopic nature of ethanol (corrosive in nature). The 
new cars in USA have flex-fuel engines which can run on 85% ethanol. But there are 
old cars which do not have the capacity to run on 85% ethanol. This means that the 
engine needs conversion and it’s not cheap to convert the engine 
(http://www.renewable-energy-sources.com/2008/05/25/bioethanol-disadvantages-
and-future-development/).   
The plant cell wall comprises of lignocellulose. Lignocellulose consists of three major 
components; cellulose, hemicellulose and lignin. In addition, traces of pectin can be 
found in some lignocellulosic waste material (Sánchez, 2008). Lignocellulosic wastes 
are produced in enormous amounts by a variety of activities such as forestry, pulp, 
paper and the food industries (Kim and Dale, 2004). Cellulose is a complex organic 
biopolymer and is one of the most abundant and also the most prevailing renewable 
waste material from agriculture (Bhat and Bhat, 1997). The purest form of cellulose is 
rarely found in nature, but it is most commonly found in a matrix of other biopolymers 
such as hemicellulose and lignin (Figure1.1) (Chang, 2007; Sticklen, 2006). 
Biopolymers such as cellulose, hemicellulose and lignin are bountiful and cellulose 
alone accounts for about 100 billion tonnes of annual biomass production. Overall, 
cellulose is the most important sources of renewable raw material and is used for a 
number of different value added products such as timber pulp, paper and biofuel 
(Hartati et al., 2008; Ragauskas et al., 2006). 












 Figure 1.1 Plant cell wall 
The cell wall contains the cellulose microfibrils (light green semi circles), 
hemicelluloses (Dark green threads), pectin (Orange threads), lignin and soluble 




   4  
1.1.1 Important components of the plant cell wall 
1.1.1.1 Cellulose 
Cellulose in plant cell walls is the biggest reservoir of organic carbon on earth 
(Festucci Buselli et al., 2007). The polysaccharide comprises about 15 to 30% of the 
dry mass from primary cell walls and matches up to 40% of the secondary cell walls.  
In plants, the diameter of the microfibrilated cellulose is found to be between 20-30 
nm. These microfibrils are unbranched linear polymers of about 15,000 anhydrous 
glucose molecules organized in β-1, 4 linkages (Chang, 2007; Zhao et al., 2007) 
(Figure 1.2). Microfibrils consist of crystalline regions of tightly packed cellulose 
molecules, and are arranged in parallel to each other. Apart from the anhydrous 
regions, cellulose also has soluble regions otherwise called amorphous regions. In 
this region the molecules are less compact, but are staggered and this leads to 




















 Figure 1.2 Cellulose  
The cellulose structure consists of long chains of monomeric glucose units connected 
by a β linkage. The monomer units are β-D-glucose, and these units are linked with 
beta acetal group from carbon 1 of one glucose to carbon 4 of the next glucose. The 
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1.1.1.2 Hemicellulose 
In the plant cell wall, hemicelluloses are group of polysaccharides that interact with 
cellulose microfibrils by hydrogen bonding to glucan chains. These are polymers of β-
1, 4 linked glucose or glucose-like sugars such as mannose or xylopyranose 
(Scheller and Ulvskov, 2010) (Figure 1.3). These polymers are insoluble and are 
attached with other sugar side chains that results in an increase in overall solubility 
and prevents them from forming crystalline structures. Hemicelluloses attach to the 
outer surface of microfibrils, forming a hairy coat, producing a cohesive network 
between the microfibrils. This presents a challenge for the breakdown of cellulose 
microfibrils. The hemicelluloses contain 20-50% of the polysaccharide in 
lignocelluloses, which means they have enormous potential for biofuels production 
(Sticklen, 2008). Unfortunately, some ethanol producing microorganisms such as 
yeast do not have the capacity to metabolize pentose sugars such as xylose and 
arabinose. Furthermore, sugars such as xylose and arabinose can be inhibitory to 
the activity of these organisms (Gomez et al., 2008). 
















Figure 1.3 Hemicellulose  
Hemicelluloses mainly showing the pentose sugar xylose. The main function of 
hemicelluloses is in strengthening the cell wall by interaction with cellulose and with 
lignin. The figure was adopted from Chang et ., 2007. 
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1.1.1.3 Lignin 
Lignin is a significant constituent of plant biomass. Lignin is composed of a number of 
different aromatic compounds (monolignols) covalently linked and this makes it 
recalcitrant to digestion (Boerjan et al., 2003) (Figure 1.4). This prevents direct 
enzymatic digestion of cellulose for bioethanol production. Disruption of lignin and 
dissolution of crystalline nature of cellulose represents the main target in 
pretreatment process prior to enzymatic action (Hatfield and Vermerris, 2001; Mosier 
























 Figure 1.4 Lignin 
The heterogeneous polymer lignin containing the three common monolignols 
(paracoumaryl alcohol, coniferyl alcohol and sinapyl alcohol) bound together by 
multiple modes of bonding Chang et al., 2007. 
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1.2 Microbial Cellulases 
Many microbes naturally degrade lignocellulosic biomass via the action of several 
enzymes, the most vital of which are the cellulases. Cellulase producing 
microorganisms include bacteria, fungi and actinomycetes.  Cellulases as a general 
classification of protein contain several different classes of enzyme. The main 
function of cellulase is to break (hydrolyse) the β-1,4-D glucan linkages of cellulose to 
produce cellobiose and glucose (Watanabe and Tokuda, 2010). Microbes that are 
cellulolytic are carbohydrate degraders and use carbohydrate as a carbon source for 
their metabolism and growth. Generally these organisms do not have the capacity to 
metabolise lipids or protein as energy sources (Lynd et al., 2002).  
There are numerous microorganisms known to produce cellulases but only a few are 
known to produce large amounts of cellulases. To date, the largest producers of 
cellulases are fungi; among these, the most extensively studied is Trichoderma 
reesei (Boer et al., 2000). In contrast, the other largest producers of cellulases come 
from bacteria, and Acidothermus cellulolyticus is known to produce highly 
thermostable cellulases (Baker et al., 1994). These are two microorganisms that are 
commercially exploited for cellulase preparation (Sukumaran et al., 2005). The 
production of cellulases on a commercial scale has been tried in the form of solid or 
submerged culture and continuous flow process. The fermentation process has 
cellulose as one of the major substrates for large scale production of cellulases. 
Cellulases are called inducible enzymes and naturally induced by cellulose and 
lactose. However, the large scale production of cellulases by both the inducers have 
been very expensive and genetic modifications of the microorganism producing 
cellulases to improve the production and activity of the cellulase has been achieved 
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but commercial production requires further improvements in bioethanol production 
(Sukumaran et al., 2005). 
1.2.1 Plant cell wall degrading enzymes 
1.2.1.1 Cellulases 
The cellulase system produced by microorganisms can be either secreted or cell 
bound, with the enzyme classification based on their mode of action and structural 
properties. There are three major types of cellulases; 1-4-β-D endoglucanases       
(EC 3.2.14), 1-4-β-D-glucan exoglucanses (EC 3.2.1.74) and β-glucosidases         
(EC 3.2.1.21) (Seiboth et al., 1997) which are required for complete conversion of 
cellulose to glucose. 
The main function of endoglucanase is to hydrolyse the long polysaccharide chain 
randomly in the amorphous sites to form oligosaccharides. Exoglucanses then cleave 
the long polysaccharide from its reducing or non-reducing ends to form cellobiose 
units and finally β-glucosidases breaks the disaccharide cellobiose to fermentable 
glucose. These three forms of enzyme act synergistically in breaking cellulose to 
monomeric sugars (Gow and Wood, 1988; Moloney et al., 1985).  
1.2.1.1.1 The two major cellulases 
There are two major cellulase that has been studied extensively, cellobiohydrolase 1 
(CBH1) from T. reesei and endoglucanase 1 (E1) from A. cellulolyticus.  CBH1 was 
identified during the Second World War and E1 was isolated from samples collected 
in Yellowstone National Park (Bhat and Bhat, 1997; Mohagheghi et al., 1986; Tucker 
et al., 1989). E1 and CBH1 are thermostable enzymes with E1 having an optimum 
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temperature up to  80 °C and CBH1 having thermostability up to 50°C (Baker et al., 
1994).  
1.2.1.1.2 Structure of cellobiohydrolase1 (CBH1)  
The CBH1 is an exoglucanse from T. reesei.  It is a single polypeptide chain of 490 
amino acids (Fagerstam et al., 1984).  The polypeptide chain has a cellulose binding 
domain at the C-terminal and a core catalytic domain containing four potential 
glycosylation sites and two catalytic residues (Hui et al., 2001; Klarskov et al., 1997; 
Koivula et al., 1998; Stahlberg et al., 1996). There are residues situated on the 
opposite sides of the glycosidic bonds in the catalytic domain (Klarskov et al., 1997).  
The residues of glutamic acid are located in amino acid position 217 as a proton 
donor and the other one located at 212 acting as a nucleophile (Klarskov et al., 
1997). 
Small-angle X-ray scattering analysis was first used to identify the structure of CBH1 
from T. reesei (Abuja et al., 1988). CBH1 is arranged in the form of a tadpole like 
shape with an isotropic head and a long flexible tail (Figure 1.5). The determination of 
the three dimensional structure of the catalytic domain of CBH1 of 
T. reesei was achived by X-ray crystallography upon proteolytic cleavage of the 
cellulose binding domain (CBD) (Baker et al., 1991). The catalytic region is arranged 
in the form of a large single domain with two large antiparallel β-sheets that stack 













Figure 1.5  Structure of CBH1 
T. reesei CBH1 structure as determined by small angle X-ray scattering analysis. The 
core is situated N terminally and contains the enzyme active site and the tail  is 
attached towards the Carboxyl terminal C via the linker region (B) to the cellulose 
binding domain (A) for the insoluble substrate, cellulose (Abuja et al., 1988). 
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1.2.1.1.3 Structure of endoglucanase1 (E1) 
Endoglucanase 1 from A. cellulolyticus is a 521 amino acid polypeptide (Sakon et al., 
1996; Wang et al., 1993). The enzyme consists N-terminal catalytic domain (358 
amino acids), joined to a C-terminal cellulose binding domain (104 amino acids), by 
linker (60 amino acids) rich in the residues proline, serine and threonine (Jin et al., 
2003).  There are seven known conserved residues positioned close to one another 
in the active site of the enzyme (Sakon et al., 1996). The seven conserved residues: 
Arg-62, His-116, Asn-161, Glu-162, His-238, Tyr-240 and Glu-282 in the E1 catalytic 
domain (Sakon et al., 1996).  
X-ray crystallography of E1 from A. cellulolyticus revealed a catalytic domain 
consisting of a α/β 8 barrel fold where the protein loops in the structure. In addition, 
the enzyme contains 16-26 residues that form the walls of a catalytic crevice 
measuring 9 Å wide, 30 Å long and 10 Å deep (Sakon et al., 1996). The catalytic 
mechanism of E1 is a double-displacement system which involves three basic steps 
(Koshland, 1953).  
1. Initial binding of the substrate to the enzyme. 
2. Acid-catalysed attack of an enzymatic nucleophile upon the anomeric centre 
to form a glycosyl-enzyme intermediate (Sakon et al., 1996). 
3. The intermediate is hydrolysed by the base-catalysed attack of water upon the 
anomeric centre forming the product and returning the enzyme to its original 
protonation state (Sakon et al., 1996). 
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1.2.1.2 The need for cellulases 
For many years the textile, leather, animal feed, food, detergent and the paper 
industries have used toxic chemicals to get their desired products, leading to 
contamination of soil and water. The use of microorganisms or microbial sourced 
enzymes has been very effective in the reduction of contamination caused by 
toxicants (Alcalde et al., 2006). During the 1990s cellulases gained significant 
industrial importance (Bayer et al., 1998), mainly within textile, detergent and paper 
and pulp industries (e.g. in deinking of recycled paper). Earlier studies had also 
investigated cellulases for the conversion of biomass which paved the way for 
several industrial applications (Xia and Cen, 1999).   
There is ever increasing prices and demands for petroleum based products from 
fossils for transportation. To reduce the depletion levels of planets fossil fuels, 
interest has turned towards converting lignocellulosic biomass into transportation fuel 
using cellulases as part of the process (Sukumaran et al., 2005).  
1.2.1.3 Microbial fermentation of cellulases 
To produce bioethanol for commercial scale, fermentation of cellulase producing 
microorganisms is required. To produce cellulases for cellulose degradation, a 
complete cellulase system is required. The complete system consists of 
cellobiohydrolases (exoglucanases), endoglucanases and β-glucosidases.  Based on 
the nature of substrate such as cellulose or hemicelluloses, a complex mixture of 
enzymes such as endoxylanases, β-xylosidases, endomannanases, β-
mannosidases, α-L-arabinofuranosidases and α-galactosidases is required for its 
degradation (De Vries, 2003). 
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Three types of fermentation technology are used for commercial production of 
cellulases. These are submerged fermentation technology (SmF), solid substrate 
fermentation (SSF) and simultaneous saccharification and co-fermentation (SSCF). 
Cellulase production from T. reesei is an example of SmF fermentation technology 
that became a base for several improved forms of submerged fermentation 
technologies (SmF) (Mandels and Reese, 1957; Sukumaran et al., 2005). Cellulase 
production by SmF has been via the batch process and attempts are being made in 
continuous and fed batch cultures. Efficient mutants of Trichoderma Spp were 
specifically designed to produce cellulases via SmF (Tengerdy, 1996). In the SmF 
technology fungi grows slowly in comparison to the SSF process. This is because 
SSF resemble a natural habitat for the growth of filamentous fungi. Some filamentous 
fungi are adapted on natural substrates and require different growth conditions than 
in liquid cultures. Despite increased efforts in producing hypercellulytic mutants, the 
cost of SmF enzymes remains high. Therefore, an alternative technology is SSF that 
uses only host specific native filamentous fungi to produce optimal enzyme complex 
to degrade lignocelluloses (Tengerdy and Szakacs, 2003).  
The SSF has attracted interest because it efficiently uses lignocellulosic biomass as 
a source of feedstock for cellulase production, resulting in greatly reduced 
production. This results in reduced costs and increased cost effectiveness compared 
to SmF (Tengerdy, 1996). The major carbon source in commercial production of 
cellulases using this method is lignocellulosic biomass, derived from pulses, rice, 
bagasse and other agricultural residues (Heck, 2002; Belghith et al., 2001; Romero 
et al., 1999; Wen et al., 2005). Though this technology is proving to be cost effective, 
large scale production of cellulases is produced by SmF (Sukumaran et al., 2005). 
Though both these technologies have been exploited to produce cellulases, they 
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share a common disadvantage. The reducing sugars produced by both these 
technologies are not converted to ethanol by yeast because of feedback inhibition. 
Therefore, the current advanced cellulase and ethanol production is the simultaneous 
saccharification and co-fermentation (SSCF). The SSCF process contains enzymatic 
hydrolysis of complex sugar with alcoholic fermentation in one step. This result in 
increased rates of hydrolysis, sugar production, prevents feedback inhibition and can 
be achieved with decreased enzyme loadings. The SSCF is still in pilot scale and 
looks promising when National Renewable Energy laboratories (NREL) compared 
experimental results with that of SmF and SSF (Himmel et al., 1999). 
In addition to the three fermentation processes used to produce cellulase, recent 
reports suggest that by using the fungal (Aspegillus niger) biofilm fementation (BF) 
process, commercial production of cellulase may be possible by employing the 
technology introduced for submerged fermentation at  high cell densities (Gamarra et 
al., 2010). By comparing cellulase production in BF, SmF and SSF, it was 
demonstrated that fungal biofilms are an efficient system for cellulase production. 
This technology hold promises to replace solid state fermentation and biofilm 
fermentation needs further optimization and development for commercial production 
of cellulases (Gamarra et al., 2010). 
1.3 Heterologous cellulase expression for bioethanol production 
Fossil fuel supplies, such as coal, petroleum and natural gas, are a limited source of 
non-renewable energy. This world population is increasing and there is increasing 
dependence on such non renewable energy for electricity, heating and transportation 
fuels (Hood et al., 2007). Bioethanol, produced from plant biomass may be a partial 
replacement for petroleum for transportation fuel, but its production needs to become 
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more efficient.  Currently ethanol is produced from anaerobically fermented sugars 
and, derived from starch or cellulose, each by the action of cellulolytic 
microorganism. The cost involved in fermenting cellulases is considered to be very 
expensive. This is partly because cellulose was not being converted efficiently to 
fermentable sugars by native cellulolytic microorganisms due to product inhibition by 
hydrolyzates found after the fermentation process (Dashtban et al., 2009). The cost 
and efficiency of these are the two factors that have driven the development of 
heterologous expression systems for large-scale cellulase production. Expression of 
cellulases in non-cellulolytic microorganisms was initiated because they were known 
to exhibit excellent product formation properties and produce functional heterologous 
expression of a cellulase system (Dashtban et al., 2009).  
1.3.1 Heterologous expression of A. cellulolyticus endoglucanase1 (E1) and T. 
reesei cellobiohydrolase1 (CBH1)  
1.3.1.1 Heterologous expression of E1 in E. coli 
To produce cellulases in large quantities, alternative cellulase producing fungi and 
bacteria were studied; however none were able to produce cellulases at levels 
produced by T. reesei. 
However genetically improved E. coli was introduced that had the capacity to 
increase the amount of recombinant enzymes produced in a short period of time 
(Hannig and Makrides, 1998). The engineered E. coli strains grow faster than the 
fungi and additional supply of sugar was not required for the enzyme induction.  For 
example, the production of 5 U/ml enzymes from fungi takes about 4-5 days, 
whereas by using the improved strains of E. coli, xylose isomerase was produced in 
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optimal levels within one day (Lastick et al., 1986). The fast growth rate of E. coli has 
drawn attention towards heterologous expression of cellulases. In addition, the 
endoglucanase produced by A. cellulolyticus is less inhibited by cellobiose than that 
of T. reesei and also the enzyme is active over a broad, pH range at which yeast can 
convert glucose to ethanol (Lastick et al., 1986). 
1.3.1.2 Expression of E1 in Pichia pastoris and Streptomyces lividians  
This section of the Chapter shows the attempts made by Adney and his colleagues to 
express full length and truncated E1 enzyme in Pichia pastoris. There were two 
objectives in their study, the first to express the full length E1 enzyme without 
proteolytic cleavage and the other was to express the truncated E1 enzyme and 
compare enzymatic activity to that of the native and recombinant full length E1 
enzyme. A modified E1 protein comprising the catalytic domain of E1 protein 
demonstrating enhanced thermostability was produced by two methods. The first 
method was to express E1 full length protein and later modify the protein into a new 
E1 protein by removing the catalytic domain and the linker peptide by papain 
proteolytic cleavage. The second method was to express the same protein by 
truncation of the gene encoding the full length E1.  The new E1 protein produced by 
P. pastoris was heavily glycosylated, but the enzyme activity was reported to be 
retained compared to the native E1 enzyme (Adney et al., 1998). Though E1 full 
length and catalytic domain were expressed in yeast, E. coli was considered to be 
the best host for the production of active endoglucanases as the truncated form of E1 
is thermostable at 81 °C and can be overproduced by using the prokaryotic lac 
promoter (Thomas et la., 1996; Adney et al., 1998). The truncated form of E1 
contains the catalytic domain and it was found that the specific activity of the 
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truncated form of the E1 enzyme was 10 °C higher than the full length enzyme 
(Adney et al., 1998). 
1.3.1.3 Heterologous expression of CBH1 from T. reesi 
CBH1 has been expressed in a number of other hosts including Aspergillus and      
E. coli. In the study performed by Shoemaker in 1984, recombinant CBH1 was 
expressed in S. cerevisiae. The enzyme produced showed a 50% specific activity of 
the native enzyme on amorphous cellulose and was observed to be heavily N-
glycosylated. It was thought that by removing sugars attached to the enzyme by 
treatment with endoglycosidase H or heat treatment, specific activity of the enzyme 
may improve (Shoemaker, 1984). Later two independent reports were published 
expressing CBH1 in S. cerevisiae (Penttila, 1987; Van Arsdell et al., 1987). The 
CBH1 produced from van Arsdell's study showed 60% of the recombinant enzyme 
being as active as the native fungal enzyme; however, in this study substrate was not 
specified. In 1988, Penttil et al were able to recover recombinant CBH1 which was 
heavily glycosylated (>200 kDa) that showed some activity against phosphoric acid-
swollen cellulose (Penttilä et al., 1988). 
 
In another study, CBH1 expressed in Aspergillus sp was also over-glycosylated 
(Barnett and Shoemaker, 1987). Cellulases that are over-glycosylated were not 
suitable for protein engineering studies, because it was thought that they will display 
characteristic of non-native enzyme activity because of their altered physical size and 
ionic properties. CBH1 expressed in E. coli using a thioredoxin fusion created 
uncertainities in its structure and expressing CBH1 in this system was not ideal for 
commercial production (Laymon et al., 1996). 
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In another study, Aspergillus niger var. awamori was transformed with the gene 
sequence of CBH1 from T. reesei. It was reported that the purified recombinant 
protein was highly glycosylated and also had reduced enzyme activity than the native 
purified enzyme from T. Reesei (Jeoh et al., 2008). The expression of active form of 
CBH1 is a challenge in this study. 
1.4 Cellulase improvement 
1.4.1 Cellulase engineering 
Although recombinant cellulase production has been achieved in several fungi, 
enzyme yields, enzyme activities and expression of all the cellulases necessary for 
cellulose degradation have not been achieved on a scale suitable to be 
commercialised.  An alternative approach is to modify the protein to increase key 
properties such as catalytic rate.  This has been attempted through site-directed 
mutagenesis and rational design. These enzymes can be used as initiators for 
creating improved forms of cellulases in enhancing the economic value of the biofuel. 
To improve the enzymatic action of cellulase on cellulose the use of site directed 
mutagenesis has been extensively studied. Also, the use of protein engineering 
technology has been concentrated towards catalytic function and the role of various 
amino acids inside the catalytic domains of various cellulases (Maki et al., 2009).  
Modification of the catalytic site of E1 resulted in a 12% increase in saccharification 
of yellow poplar biomass and the modified enzyme was also less inhibited by 
cellobiose compared to the native form of E1 (Himmel et al., 1999a).  This indicates 
to the engineering of the catalytic site leading to increases in the catalytic activity of 
cellulases is feasible.  
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This technique has also been used to engineer cellulases to increase thermostability 
and pH optima when compared to the native counterparts (Schulein, 2000). There 
are basically two methods for the improvement of a cellulase and they are rational 
design and directed evolution.  
1.4.2 Rational design  
Rational design involves choice of enzyme, identifying amino acid sites that require 
changes based on high resolution crystallographic structure and characterization of 
the mutants. However, to use rational design, knowledge of the protein structure is 
very important (Percival Zhang et al., 2006). Though there are well characterised 
cellulases, there is lack of knowledge about cellulase/cellulose interactions and the 
synergistic behaviour within the cellulase components, these gaps need to be 
investigated to improve cellulase activity by rational design (Maki et al., 2009).  
1.4.3 Directed evolution 
To improve the enzymatic activity, stability and solubility, directed evolution is a new 
method that results in the generation of mutants by the process of selection to evolve 
and select for proteins with desired function or enzymatic activity. These mutants are 
then screened by high-throughput screening methods (Hibbert and Dalby, 2005). In 
comparison to rational design, directed evolution doesn’t require detailed knowledge 
of enzyme structure and synergistic behaviours of the enzyme (Maki et al., 2009). By 
directed evolution the changes in the protein structure can be studied (Himmel et al., 
1999; Johannes and Zhao, 2006). The directed evolution is a developing technology 
that utilises a variety of techniques including error-prone polymerase chain reaction 
(PCR), gene shuffling, site-saturation mutagenesis, and staggered extension process 
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technology (Hibbert and Dalby, 2005; Himmel et al., 1999a). Unfortunately, with 
cellulases there has been limited success to date with this approach with most 
improvements being associated with thermal tolerance of the enzymes (Zhang et al., 
2006).  
1.4.4 The cellulose binding domain and catalytic activity 
The cellulose binding domain and the catalytic binding in the hydrolysis of crystalline 
cellulose is poorly understood. Previous studies have shown variation in the activity 
of the enzyme with and without the cellulose binding domain (Jeoh et al., 2008). For 
example in the case of CBH1 from T. reesei, it was found that the binding of the 
CBH1 to cellulose was reduced without its linker and cellulose binding domain 
resulting in compromised activity compared to the native enzyme (Jeoh et al., 2008). 
However, the pattern of hydrolysis of crystalline cellulose is different from the 
hydrolysis of soluble forms of cellulose and what cellulose forms must be used in a 
particular study. In addition to the activity differences, there are reports of cellulose 
binding domains capable of breaking down cellulose fibres in the absence of 
cellulase (Reinikainen et al., 1992). There are other studies where cellulose 
hydrolysis is the same with and without the Cellulose binding domain (Carrard et al., 
2000; Din et al., 1991).  However, other reports show that by adding free cellulose 
binding domains, in the presence of complete cellulases, the enzyme will release 
more sugars from crystalline cellulose (Lemos et al., 2003), suggesting that by 
adding free cellulose binding domains to the complete enzyme may play some 
important role in the breakdown of the crystalline cellulose. However, this hypothesis 
was tested by adding cellulose binding domain in the absence of the complete 
enzyme and was found that there was no sugar released during this process (Lemos 
et al., 2003). Cellulose binding domain function is unclear and further research using 
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X-ray crystallographic studies may help to improve the current knowledge of its 
interactions with cellulose. It is possible that variation in the activity of the cellulases 
may depend upon the presence or absence of cellulose binding domain. For 
example, the catalytic domain of E1 is more thermostable than the native E1 and it 
could also be possible that cellulase derived from different organisms have varying 
roles in their enzymatic function (Adney, 1998).  
1.5 Heterologous expression of cellulases in planta 
The heterolgous expression of non-plant glycosyl hydrolase genes in transgenic 
plants is almost two decades old. However, the aim is to generate transgenic plants 
that contain cellulase enzymes. By producing cellulases within the plant system, the 
costs involved in producing cellulases from microbial sources can be drastically 
reduced, thus providing more economically viable cellulosic ethanol (Austin-phillips, 
2004; Dai et al., 2005; Dai et al., 2000a; Dai et al., 2000b; Jin et al., 2003). 
Production of transgenic plants expressing genes for microbial cellulases has been 
widely studied (Table 1).  The aims of this work includes either using plants as 
biofactories from which active cellulases could be extracted and applied to biomass 
as an adjuvant to microbial production or presence of cellulases in plants post 
harvest to assist in breakdown of cellulose prior to fermentation.  Heterologous 
expression of cellulase genes from a number of microbes has been achieved in both 
model systems and crop plants, such as alfalfa, Arabidopsis, maize, rice, tobacco, 
wheat and barley (Table 1). It has been reported that high level protein expression 
could be achieved in plants via transcriptional, posttranscriptional and/or post-
translational modifications (Dai et al., 2005; Hood et al., 2007; Oraby et al., 2007; 
Ziegelhoffer et al., 2001). These studies indicate that the expression of E1 or CBH1 
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was predominantly dependant on organelle and tissue targeting. Designs of the 
regulatory elements have been reported to increase heterologous expression of 
cellulases in plants (Taylor et al., 2008). It is also reported that transgene expression 
can be regulated spatially and temporally based on the use of promoters and cis 
acting elements during the construction of a cellulase expression system (Taylor et 
al., 2008). In addition to improving the enzyme activity, synthetic promoters are being 
explored to produce active enzymes (Comai et al., 1990; Kay et al., 1987; Venter, 
2007). Plant genome sequencing projects such as one for rice, is also expected to 
yield promoters with novel characteristics to improve cellulase expression (Rombauts 
et al., 2003; Yu et al., 2007).  
 
Promoters used for cellulase expression in plants so far have been selected for 
stronger activity and tissue specificity. For controlled transgenic expression of 
cellulases in a specific tissue or at a particular growth period, the use of promoters 
such as the green-tissue-specific Rubisco small subunit (rbcS-3C) promoter from 
tomato, the endosperm-specific prolamin promoter from rice, the globulin1 promoter 
from maize and the senescence-associated gene SAG12 promoter from A. thaliana 
can avoid the problems associated with enzyme degradation due to proteolytic 
activity (Belanger and Kriz, 1989; Dai et al., 2005; Hood et al., 2007; Sugita et al., 
1987). 
 
In another study, to reduce the cost of enzyme production, Syngenta Biotechnology 
Inc. and Verenium Corporation introduced a genetically modified corn, expressing 
high levels of thermostable amylase (Taylor et al., 2008). This is an example to show 
how plant genetic engineering has introduced glycosyl hydrolases and other 
enzymes into biomass crops as a viable means of producing enzymes for their 
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conversion. In another study, cellulases produced by transgenic rice plants were 
used to degrade a range of cellulosic substrates such as corn stover and rice straw 
to release high levels of fermentable sugars when compared with non-transformed 
plants (Oraby et al., 2007). However, this work is still in its infancy. Therefore this 
study at RMIT is focusing in expressing combinations of enzymes for the self 
digestion of the biomass crop post harvest.   
1.5.1. Types of promoters 
The promoters that are used in plant expression are of different types and are very 
specific in controlling transgene expression. There are viral, plant constitutive 
promoters, tissue specific promoters, inducible promoters and synthetic promoters 
(Dale et al., 2002). 
1.5.1.1 Types of promoters used for heterologous expression of cellulases 
Common promoters used for the over expression of the transgenes was obtained 
from different plants infected with different virus; one such promoter was cauliflower 
mosaic virus (CaMV) 35S promoter.  The 35S promoter is used mainly because it 
uses host nuclear RNA polymerases and does not require trans-acting viral gene 
products for its function (Odell et al., 1985). This promoter like the other viral based 
promoters was obtained from double-stranded DNA viral genomes. This particular 
promoter is used quite often for transgenic expression in plants because it gives high 
level expression in all the regions of the transgenic plant. In particular, the CaMV 35S 
promoter has been used extensively in expressing cellulases genes in both dicots 
and monocots because of its high level expression of the transgenes (Biswas et al., 
2006; Jin et al., 2003a).  
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Plant derived promoters such as ubiquitin do have the same function as that of 
CaMV 35S and such constitutive promoters when used to produce recombinant 
protein in seeds were found to be expressing recombinant proteins in leaves, pollen 
and roots of the plants. Recombinant protein could be exposed to pollinating insects 
and microorganism present surrounding the root system and that’s the reason why 
constitutive promoters though express high level of recombinant protein in seeds 
were not found to be suitable for issues related to human health (Commandeur et al., 
2003; Mae-Wan Ho, 1999). Due to high systemic expression of the recombinant 
proteins in the plants, tissue specific promoters were expected to limit recombinant 
protein expression before or after post harvest (Zuo and Chua, 2000). 
1.5.1.2 Tissue specific promoters for heterologous expression of cellulases 
The leaf supports the expression of genes that are well characterised and inducible 
when exposed to light. One of the best examples of light inducible genes are the 
genes that belong to the small subunit 1, 5-bisphosphate carboxylase (rbcS) 
multigene family. The rbcS promoters contain regulatory elements that are able to 
provide tissue specific expression in plants (Gilmartin and Chua, 1990). High level 
cellulase expressions have been achieved in transgenic plants using the rbcS 
promoter (Mei et al., 2009). Therefore, rbcS promoter was used to express cellulases 
in green tissue so that the enzyme is present in the crop residue and simultaneously 
expressed at high levels. 
1.5.1.3 Sub-cellular targeting 
Sub-cellular targeting of recombinant proteins is commonly used to achieve high 
level accumulation. Choice of a particular cellular compartment target the 
accumulation of the recombinant protein has been shown to enhance proper folding, 
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assembly, glycosylation and increased stability, as compared to the cytosol (Horn et 
al., 2004; Sticklen, 2006).  
When the cellulases were targeted to various compartments for example 
endoplasmic reticulum (ER), the recombinant enzyme was expected to fold properly 
because of the presence of molecular chaperones that keep the cellulase enzyme 
away from the cytoplasmic metabolic activities, to avoid host cytosolic proteases. All 
of these contributed to protein stability and, hence, sub-cellular targeting was 
considered to be helpful in determining the final yield of the recombinant proteins 
(Schillberg et al., 2002). By targeting recombinant cellulases to the apoplast, the 
enzyme could be extracted from the apoplast of fresh or dry transgenic biomass as 
an alternative to expensive microbial cellulases. The fluid containing the cellulases 
can be added directly to the pretreated plant biomass for the breakdown of cellulose 
to fermentable sugars. However, the above method is more suitable for pilot scale 
experiments than at commercial level (Andersson-Gunnerås et al., 2006; Salehi et 
al., 2005). 
There are many glycosyl hydrolases expressed in different compartments of the plant 
and the amount of protein that accumulates also varied based on the choice of target 
compartment. The apoplast has been considered as the best target location for 
stable cellulase accumulation. The apoplast is a complex compartment on the 
outside face of the plasma membrane, comprising water and gas filled spaces within 
the cell wall fibrillar network. The pH of the apoplast range from 4.5 to 5 that is 
suitable for the cellulases to be active post harvest. Two methods have yielded 
biologically active enzymes in certain sub-cellular compartments of plant cells. Firstly, 
by directly targeting the enzyme to a compartment that has an optimum pH for the 
cellulases to be active and the other way is by activating the enzymes by chemical 
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treatment during the process of protein extraction. This is because in certain 
compartments such as the chloroplast the pH fluctuates during the day (pH 7.5) and 
night (pH8) which is not suitable for cellulase enzymes to be active.  As pH is 
important for cellulase activity, it was difficult to match the pH required for the activity 
of the cellulases in certain sub-cellular compartments (Larson, 2009). In addition, the 
apoplast was more spacious and was considered for accumulation of large quantities 
of heterologous proteins (Sticklen, 2006). The highest amount of cellulase recorded 
in literature was that of endoglucanase 1 from A. cellulolyticus in Arabidopsis 
(Table1). Table 1 also indicates the percentage of cellulase accumulation in different 
compartments of the plants in the literature. 
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Table 1. Cellulase expression in various compartments of the plants 
Protein Source Host Site yield Reference 
E1 A.cellulolyticus Tobacco Chloroplast 1.35% (Dai et al., 2000b) 
E1 A.cellulolyticus Potato Chloroplast 2.60% (Dai et al., 2000a) 
E1 A.cellulolyticus Arabidopsis Apoplast 26% (Ziegler et al., 2000) 
E1 A.cellulolyticus Tobacco Chloroplast ND (Jin et al., 2003) 
E1 A.cellulolyticus Tobacco Apoplast 0.33% (Ziegelhoffer et al., 2001) 
E1 A.cellulolyticus Tobacco Apoplast 0.40% (Ziegelhoffer et al., 2001) 
E1 A.cellulolyticus Tobacco Apoplast 0.25% (Dai et al., 2005) 
E1 A.cellulolyticus Rice Apoplast 4.90% (Oraby et al., 2007) 
E1 A.cellulolyticus corn Apoplast 1.16% (Ransom et al., 2007) 
E1 A.cellulolyticus corn Apoplast 2.10% (Biswas et al., 2006) 
E1 A.cellulolyticus Corn seed Apoplast 0.50% (Hood et al., 2007) 
E1 A.cellulolyticus Duckweed Cytosol 0.24% (Sun et al., 2007) 
CBH1 T. reesei Corn seed Apoplast 17.80% (Hood et al., 2007) 
CBH1 T. reesei Tobacco Cytoplasm 0.10% Dai et al (1999) 
.
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1.5.1.4 Factors required by the compartments for high level cellulase 
expression 
In an attempt to achieve high level expression of cellulases, signal peptides were 
characterized for targeting proteins to the endoplasmic reticulum (ER), the apoplast, 
chloroplasts, vacuoles and mitochondria. The above mentioned sub-cellular 
compartments have different features that make them varyingly suitable for the 
accumulation of heterologous proteins. As an example, high level protein 
accumulation and proper folding was achieved when the heterologous antibodies 
were targeted through the secretory pathway and not through the cytosol 
(Zimmermann et al., 1998).  
1.5.1.4.1 Endoplasmic reticulum targeting 
To obtain functional cellulases, the ER was considered an excellent site for 
heterologous protein expression because of the presence of molecular chaperones 
and that there are very few protease in this part of the cell (Mei et al., 2009). In 
addition, previous work has shown that heterologous proteins are more stable in the 
ER lumen when compared to heterologous proteins remaining in the cytosol 
(Sahrawy et al., 2004). 
1.5.1.4.2 Apoplast targeting   
The apoplast has been the considered as the best target location for stable cellulase 
accumulation (Ziegler et al., 2000). The apoplast is a complex compartment on the 
outside face of the plasma membrane, comprising water and gas filled spaces within 
the cell wall fibrillar network. In addition, the pH of teh apoplast is between 4.5 -5 that 
is suitable for cellulase activity. The gene coding for E1 catalytic domain from A. 
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cellulolyticus was expressed in Arabidopsis, tobacco and potato plants and the 
translational product was targeted to the apoplast. Expression of E1 protein has been 
reported at levels up to 26% of the plant total soluble protein in Arabidopsis (Ziegler 
et al., 2000). Similar work performed in rice and maize, found that the E1 enzyme 
accumulated in apoplast at levels upto 4.9% and 2% of the plant total soluble 
proteins, respectively, and the enzyme accumulation had no apparent deleterious 
effects on plant growth and development (Sticklen, 2006). This study was carried 
further, and it was reported that when the crude extract from rice containing the 
enzyme was added to ammonia fiber explosion (AFEX) pretreated rice straw or 
maize stover, 30% and 22% of the cellulose of these plants, respectively, was 
converted into glucose (Sticklen, 2006). 
Therefore, functional cellulases have been targeted to apoplasts and have been 
selected to be one of the best suitable compartments for the heterologous expression 
several plant species.  
1.6 Ethanol to bioethanol production 
Fuel ethanol is currently produced by the process of saccharification of starches such 
as corn starch, or sugars extracted from sugar cane or sugar beet followed by 
fermentation by yeasts (Wheals et al., 1999a). The saccharification process is 
followed by distillation were ethanol is separated from by products during 
fermentation (Wheals et al., 1999b). Currently ethanol production is very expensive 
because it uses costly feedstocks such as corn starch, sugar cane and sugar beet 
feed (Berg, 2004) and also because of the addition of enzymes to the feedstocks to 
produce fermentable sugars. Over the past 15 years the cost of ethanol production 
has declined because of technological advancements, ethanol still depends upon on 
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the government subsidies when compared with petroleum based fuels (Berg, 2004; 
Wheals et al., 1999). The current feedstock cost in ethanol production is about 70-
80% of the overall cost of production (Berg, 2004). The best low-cost alternative to 
traditional feedstocks for the production of ethanol is agricultural crop residues. 
Agricultural crop residues, such as wheat, maize and rice straw, have been 
considered as an excellent source of waste cellulose (Vlasenko et al., 1997). 
1.6.1 Bioethanol production 
Producing ethanol from any lignocellulosic biomass is not going to be cost effective 
because of the current production method of the enzymes, pretreatments and 
biomass collections. Costs associated with bioethanol production is because of the 
transportation of raw materials from the field to the processing plants, enzyme 
production and cost involved in the pretreatment process to facilitate enzymatic 
digestion. There are many laboratories who are engaged in addressing each of the 
above mentioned impediments. 
1.6.1.1 Lignocellulosic biomass conversion by microbial enzymes  
The complex polysaccharide is stored inside the plant biomass. The microbial 
enzymes do not have the access to convert the polysaccharide into fermentable 
sugars that is present inside the plant biomass. Therefore, to make the 
polysaccharide accessible to these enzymes, the material is subjected to 
pretreatment process that allows the enzyme to act on the polysaccharide (Sticklen, 
2008). Cellulosic ethanol is currently produced by the degradation of lignocellulosic 
biomass harvested from feedstock crops. The harvested biomass is then taken to the 
biorefinery where it is stored for conversion. 
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1.6.1.1.1 The need for pretreatment process 
Pretreatment is a process in which lignocellulosic biomass is made available from its 
native form to the cellulase enzyme systems for the process of enzymatic hydrolysis. 
This is because lignocellulosic material is not available to the cellulase enzymes 
because of its heterogeneous biomass matrix (Mansfield et al., 1999). In addition, 
cellulose is associated with hemicellulose and carbohydrate rich microfibrils that are 
closed by a lignin seal (Sticklen, 2008). The advantage of pretreated lignocellulosic 
material is the increase in the surface area and redistribution of lignin allowing easy 
access for the cellulase enzyme to hydrolyse cellulose to form fermentable sugars 
(Kumar et al., 2009). 
1.6.1.1.2 Types of pretreatment process 
To date, there are several pretreatment processes available, these include dilute acid 
pretreatment, steam explosion, hydro thermal processes, ―organo solv‖ processes 
(using organic solvents), ammonia fibre explosion (AFEX) and alkali processes using 
sodium hydroxide or lime (Taherzadeh and Karimi, 2008). These pretreatement 
processes have their own degree of advantages over each other based on the 
desired final product. In short, the aim of pretreatment processes is to depolymerise 
the complex lignocellulosic waste to accessible forms of cellulose, hemicellulose and 
lignin. After the removal of lignin the biomass undergoes the process of 
detoxification, neutralization and separation into its liquid and solid components. After 
the pretreatment process the cellulose is hydrolysed using cellulases that are pro-
duced in microbial bioreactors from bacteria or fungi. Finally, sugars are separated 
and fermented by yeast to produce ethanol (Taherzadeh and Karimi, 2008). 
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1.6.1.2 First generation bioethanol production 
Traditionally, the production of ethanol has been from starch and sugar rich crops 
such as corn, sugarcane and sugarbeet (Taherzadeh and Karimi, 2007). The ethanol 
produced from food-crop sugars are called as the first generation ethanol 
(Goldemberg and Guardabassi, 2009). Bioethanol produced from the first generation 
technology comprises about 85% of the global biofuels production along with benefits 
in green house gas reduction, promotion of economic independence and rural 
development. Also, biofuels produced from the first generation technology increased 
from 18.2 billion litres in 2000 to 60.6 billion litres in 2007 and 85% of this estimate 
consisted of  bioethanol (Coyle, 2007). In addition, production of bioethanol from this 
technology has been predicted to increase to 113.6 billion litres by 2022 
(Goldemberg and Guardabassi, 2009). Though ethanol produced from the first 
generation technology has the above mentioned benefits, the technology is expected 
to battle with land availability, food price and government policies. 
1.6.1.3 Second generation bioethanol production 
The ethanol produced from lignocellulosic biomass (plant biomass) is called as 
second generation technology (Maki et al., 2009). To avoid the gap between the food 
prices, land availability and government policies, ethanol production from the 
agriculture waste has attracted many options for bioethanol production. This is true in 
the case of wheat (Triticum aestivum), one of the largest consumed food crops in the 
world (Atwell, 2001). It was estimated that 21% of world’s food consumption was 
estimated to be from wheat (Ortiz et al., 2008). Wheat residues after post harvest are 
either ploughed back into the soil to maintain the soil fertility or burnt to remove the 
crop waste from the land based on the properties of the land (Kerstetter and Lyons, 
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2001). Burning of wheat residues has been practiced for along time and has caused 
serious health problems as it produces large amounts of particulate matter, CO and 
NO2 (Li et al., 2008). To avoid such health hazards, crop residues from wheat can be 
used to produce bioethanol and by doing this environmental and health hazards can 
be avoided. The total amount of crop residues from wheat produced annually is 
about 8.5 x 108 tonnes (Talebnia et al., 2009) and to avoid soil erosion and loss of 
organic matter in the field, a fraction of the crop residues must be left on the field 
depending upon the weather and tilling practices. By doing this 4.3 x 108 tonnes of 
crop residues is made available for the production of about 120Gl of bioethanol 
(Olsson et al., 2007). Hence wheat straw can be considered as the potential source 
of feedstock for bioethanol production (Otero et al., 2007). 
1.7 Aims of the present study 
The aim of this project is to co-express E1 and CBH1 cellulase genes in transgenic 
wheat. There are no reports of these two enzymes being expressed together in a 
single transgenic plant.  
 Chapter 3 describes the attempts to generate transgenic tobacco plants that 
can harbour E1 and CBH1 genes in their plant genome. This was done to 
verify if the constructed binary vectors when transformed into tobacco could 
generate stable transgenic tobacco plants and also express cellulase 
enzymes. Tobacco was used as a model plant system in this study. 
 Chapter 4 aims to test the activity of wheat promoters in maize leaves and 
wheat calli.  
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 Chapter 5 describes the successful expression of E1 and CBH1 cellulase 
genes in wheat (T. aestivum) one of the world’s largest producers of crop 
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Chapter 2: Materials and methods 
2.1 Bacterial strains used for transformation 
Genotypes of Escherichia coli strains used for cloning procedures were DH5α: [F-
φ80lacZΔM15 Δ.(lacZYA-argF)U169 recA1 endA1 hsdR17 (rk-, mk +) phoA supE44 
thi-1 gyrA96 relA1 λ-], SURE: {e14–(McrA–) Δ.(mcrCB-hsdSMR-mrr)171 endA1 
supE44 thi-1 gyrA96 relA1 lac recB recJ sbcC umuC::Tn5 (Kanr) uvrC [F´ proAB 
lacIqZΔM15 Tn10(Tetr)]} (Stratagene, La Jolla, CA), XL1-Blue: {recA1 endA1 gyrA96 
thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZ ΔM15 Tn10 (Tetr)]} (Stratagene) and 
TOP 10: F- mcrA Δ (mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacΧ74 recA1 araD139 
Δ(ara-leu)7697galU galK rpsL (StrR) endA1 nupG (Invitrogen). For plant 
transformation the Agrobacterium tumefaciens strain AGL1 was used (Wise et al., 
2006). 
2.2 Cloning vectors 
For initial cloning and sequencing the expression vector pNAV28, 49, 61 and binary 
vector pNAV60 (McBride and Summerfelt, 1999) (14,400 bp) (Appendix I) were used 
for constructing E1 and CBH1 binary vectors for A. tumefaciens-mediated 
transformation of tobacco.  The vector pNAV28 contains TarbcS promoter and 
nopaline synthase terminator, pNAV49 contains the Pr1a (Pathogenesis related 
protein from tobacco) transit peptide (apoplast targeting sequence) and CBH1 
catalytic domain, pNAV61 contains the Pr1a transit peptide and E1 catalytic domain 
and pNAV60 is the binary vector which contains 35sCaMV promoter, nptII (plant 
selectable marker) and tml3’ terminator. The intermediate cloning vectors pNAV28 
was constructed by Dr. Gregory Nugent (RMIT University), vectors pNAV49 and 61 
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were constructed by Dr. David Stalker (RMIT University) and pNAV60 is commercial 
binary vector from Calgene®, California. 
 
The construction of E1, CBH1 and the non-functional GFP gene in a single vector for 
transformation of wheat was based on multisite gateway three fragment construction 
kit from Invitrogen®. The kit contains pDONR™ P4-P1R (Invitrogen®) (Appendix1), 
pDONR™ 221 (Provided by Molecular Plant Breeding Cooperative Research Centre, 
Australia) (Appendix1), pDONR™ P2R-P3 (Invitrogen®) (Appendix1) (Invitrogen®) 
and the plant expression vector pBsubn R4-R3 (Appendix1) (Provided by Molecular 
Plant Breeding Cooperative Research Centre, Australia). 
 
2.3 Ligation 
For ligation reactions, T4 DNA ligase (NEB) was used along with 10x ligation buffer 
(NEB). T4 DNA ligase was used for initial cloning and sub cloning of ligating E1 and 
CBH1 genes into pNAV28 and binary vector pNAV60. The volume of ligation reaction 
was 20 μl reaction volumes. These reactions were incubated at 14°C for    12 h. In 
the multisite gateway three fragment vector construction (Invitrogen), BP Clonas II 
enzyme mix (Invitrogen) was used to transfer the DNA sequence of interest into an 
attP-containing donor vector to create entry clones. To create E1, GFP and CBH1 
entry clones, 20–50 femtomoles (fmoles) each of attB PCR product and 50 fmoles of 
the donor vector was used. Simultaneously, after constructing the above three entry 
clones, multisite gateway LR recombination reaction was performed using LR 
Clonase II Plus enzyme mix (invitrogen) to generate final plant expression vector. 
The LR reaction consisted of 10 fm of the three entry clones, 20 fm of the destination 
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vector and 1X TE buffer (pH 8). The total reaction volume for BP and LR reaction 
was 10µl and the enzymatic reaction was carried at 25°C overnight. The enzymatic 
reaction was toped using stoped by incubating the BP and the LR reaction with 
proteinase k solution (Invitrogen). 
 
2.4 Vector/ligated plasmid DNA transformation 
The expression and the binary vectors were transformed into E. coli strains, DH5α 
and TOP 10 cells. Electrocompetent E. coli strains were prepared by the method 
described by Sambrook and Russell (2001) and the plasmids/recombinant vectors 
were transformed into these E. coli strains by electroporation (Sambrook and Russell, 
2001). Transformation of BP and LR reaction with one shot TOP10 chemically 
competent cells. Protocol suggested by Invitrogen. 
 1 μl of the BP recombination reaction or 2 μl of the MultiSite Gateway LR 
recombination reaction was added to the tube containing TOP10 chemically 
competent cells. 
 The tubes were incubated on ice for 5 to 30 minutes. 
  The cells were given heat-shock for 30 seconds at 42°C without shaking. 
 Immediately the tubes were transferd to ice. 
 To the tubes 250 μl of room temperature S.O.C. medium. 
 The tubes were tightly closed and they were shaken horizontally (200 rpm) at 
37°C for 1 hour. 
  The following amount from each transformation (20 μl and 100 μl from BP 
and50 μl and 100 μl from LR) were spread on a pre-warmed selective plate 
and incubate overnight at 37°C. 
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2.5 Polymerase Chain Reaction (PCR) 
Polymerase chain reaction products were generated using either a PCR Express 
ThermalCycler (ThermoHybaid®) or a GeneAmp 2400 (PerkinElmer®). DNA 
amplifications were carried out using Taq polymerase (Bioline®) with the buffer 
supplied or by using GoTaq Green Master Mix (Promega®) using Promega standard 
protocols. To generate PCR products suitable for use as substrates in a Gateway 
recombination reaction with a donor vector for use in protein expression, Platinum 
Pfx high fidelity DNA polymerase was used (Invitrogen®). All PCR volumes were 
made up to 25 or 50 μl with sterile deionised water and the PCR products were 
stored at 4 °C. For creating wheat transformation vectors by gateway technology, 
PCR products were purified using PCR purification kit (Quiagen®). Unless otherwise 
stated, the standard PCR protocol was followed as given below: 
 Initial denaturation = 94 °C 5 minutes 
 Denaturation = 94 °C 30 seconds 
 Annealing = 50-60 °C 30 seconds 
 Extension = 72 °C 30 seconds-2 minutes 
 Total cycles  = 25-30 cycles 
 Final extension =72 °C 7 minutes  
 
For rapid screening of transformed bacterial colonies, colony PCR was done by 
picking the bacterial colonies using sterile toothpicks and resuspending cells in 10 μl 
sterile deionised water in a standard 200 μl PCR tube. Bacterial cells were lysed by 
heating at 100 °C for 5 min and then cooling to room temperature. After a quick spin, 
1 μl of the supernatant from the tube was transferred to the PCR mixture and the 
PCR undertaken according to the above protocol. Screening of nuclear transgenic 
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tobacco and wheat plants by PCR was also performed according to the above 
protocol on genomic DNA extracts. An alternative PCR method is by using the 
purified plasmid from an overnight grown bacterial culture as a template. Unless 
otherwise stated, standard amplification reactions contained 0.1 – 1 microgram (μg) 
template DNA. 
 
2.7 Restriction endonuclease digestion 
Restriction endonuclease enzymes from NEB (New England Biolabs®) were used 
with the buffers supplied and for the double restriction endonuclease digestion 
reactions buffers were chosen based on their compatibility. Restriction endonuclease 
digests were used for conventional steps in vector construction and for the 
confirmation of putative recombinant plasmid clones. Standard volume of 30µl was 
used for the digestion of plasmids/recombinant vectors. The amount of enzymes 
used was 1-3 U per 1 μg of DNA and the digestion was incubated overnight at the 
recommended temperature and then the digested sample was analysed by agarose 
gel electrophoresis. Digested bands were gel eluted for further sub-cloning using the 
QIAquick Gel Extraction Kit (Qiagen), where necessary. 
2.8 Agarose gel electrophoresis 
DNA products from the isolated plasmid or genomic DNA, cDNA, PCR and restriction 
enzyme digestions were separated based on the size of the DNA molecule and 
visualised after electrophoresis in agarose gels. Around 5-10 μl of DNA products 
were mixed with 3 μl of 6x DNA loading dye (Fermentas) and the DNA-loading dye 
mixture was loaded to 1% (w/v) agarose gel. The agarose gels were run at 100 V in 
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TBE buffer (45mM Tris-borate, 1 mM EDTA) using a Sub Cell GT gel electrophoresis 
apparatus (Bio-Rad). Gels were post-stained in ethidium bromide solution (10 μg ml-
1) for 5 min and destained in running water for 15 min and the gel picture 
photographed using a UV trans-illuminator (BioRad, Hercules, CA). A standard 1 kb 
DNA ladder (Bioline or Fermentas) was used to estimate the molecular size and the 
concentration of the DNA products. 
 
2.9 Agrobacterium transformation 
Agrobacterium transformation of Binary vector constructs such as, pNAV60+E1 and 
pNAV60+CBH1 were transformed into electrocompetent AGL1 strain by 
electroporation (Wise et al., 2006). Electroporation was done at 2 kV at 25 μFD with 
600 Ω. After electroporation, the suspension was transferred to 1 ml LB (Luria-
Bertani) medium [1% (w/v) bacto-tryptone, 1% (w/v) NaCl, 0.5% (w/v) bacto-yeast 
extract, pH7.0] and incubated at 28 °C for 1 h with shaking and then 20-100 μl of the 
incubated suspension was spread on LB agar plates containing 30 mg L-1 rifampicin 
and 50 mg L-1 kanamycin and incubated at 28 °C for 48 h. After 2 days, colonies 
which appeared on the plates were screened by colony PCR with the respective 
gene specific primers. 
2.10 Screening of recombinant vectors 
The transformed plasmids/recombinant bacteria were grown for 16 h on LB agar 
plates containing antibiotics for the screening of recombinant vectors. However, 
when plasmids/recombinant  vectors  were  to  be  screened  by  blue/white  
screening,  then  the  plates were  prepared  with  20 μl  of  X-gal  (2% w/v)  and 10 μl  
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of  IPTG  (20% w/v, 0.8 M). Colonies grown after on LB plates after transformation 
were grown in LB broth with antibiotics for 16 h and the plasmid DNA was isolated 
using an alkaline lysismethod (Sambrook and Russell, 2001). Further screening of 
the plasmid DNA was analysed by PCR using gene specific primers (Table 2) and 
restriction enzyme digestion methods. For sequencing, plasmid DNA was prepared 
by using QIA prep Spin Miniprep kit (Qiagen). The DNA sequencing was performed 
at AgGenomics Pty.Ltd. (Bundoora, VIC, Australia). 
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Table 2 Primers used in the current study for, PCR, RT-PCR and sequencing.  
All oligos are from 5` to 3` direction 
 
Oligo name Sequence 
Tarbcs forward caaccacatctgtaccaaagaaacgacg 
Tarbcs reverse gacagctttcttgtacaaagtgggatccac 
Nos reverse gatctagtaacatagatgacac 
E1 RT forward acgcgacgagcgtctacccgcagacg 
E1 RT reverse ggcgcgagatagccgtcttttac 
CBH14 forward acacgggcattggaggacacggaag 
CBH10 reverse gaaagaggatccgccgaattctgcctc 
Bar forwad gtctgcaccatcgtcaacc 
Bar reverse gaagtccagctgccagaaac 
attB4-Tarbcs forward ggggacaactttgtatagaaaagttggatccacggg 
attB1r-Nos reverse ggggactgcttttttgtacaaacttgccgatctagtaacatagatgacac 
attB2r-Tarbcs forward ggggacagctttcttgtacaaagtgggatccacgggctcactggcggata 
attB3-Nos reverse ggggacaactttgtataataaagttgccgatctagtaacatagatgacac 
M13 forward gtaaaacgacggccag 
M13 reverse caggaaacagctatgac 
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2.11 Agrobacterium mediated nuclear transformation of Nicotiana 
tabaccum 
Binary vector, pNAV60 containing E1 or CBH1 genes with an nptII plant selectable 
marker were transferred to Agrobacterium tumefaciens strain AGL1 by 
electroporation. For co-transformation of both E1 and CBH1 into the tobacco plant, 
tobacco leaf discs were inoculated with 1:1 mixture of overnight culture of                 
A. tumefaciens strains harbouring binary vectors with E1 and CBH1 tobacco leaf 
discs were inoculated with an overnight culture of AGL1 for 10 min, blotted semidry, 
then co-cultivated for 2 days on RMOP medium (Svab et al., 1990). After co-
cultivation, explants were transferred to the RMOP medium containing antibiotics 
[kanamycin (200 mg L-1) and timentin (250 mg L-1)] for selecting transformed shoots 
and to restrict the growth of A. tumefaciens. Shoots were transferred to MS medium 
containing low amounts of Benzylaminopurin (BAP) (0.1 mg L-1) with appropriate 
antibiotics for shoot elongation and the elongated shoots were then transferred to 
growth regulator free MS medium with selected antibiotics for rooting. The shoots 
were incubated at 24 °C for 16/8 hours photoperiod (Light/dark). Agrobacterium 
mediated nuclear transformation of tobacco Nicotiana tabacum cv. Petit Havana 
shoots were maintained on MS medium in Magenta containers (Sigma). 
2.12 Plant nuclear transformation of Triticum aestivum  
2.12.1 Microprojectile bombardment of Triticum aestivum 
For the transformation of T. aestivum, wheat transformation vector harbouring E1, 
GFP and CBH1 genes through gateway technology were used to bombard immature 
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embryogenic calli of Triticum aestivum. The bombardment was done at the CRC for 
Molecular Plant Breeding and the bombardment protocols remain confidential. 
 
2.13 Genomic DNA isolation from N. tabacum 
Genomic DNA was isolated using the DNeasy plant mini kit from Quiagen. 
2.14 Screening of transgenic tobacco plants 
Individual transgenic tobacco plants were initially screened by PCR using gene 
specific primers on genomic DNA extracts.Putative co-transformed tobacco shoots 
were screened via duplex PCR with E1 and CBH1 primers. Gene specific primers 
were designed to the internal regions of E1 and CBH1 genes. In the same manner, 
RT-PCR was done on the tobacco transgenic plants using gene specific primers for 
E1 and CBH1 genes. 
2.15 Genomic DNA isolation from Triticum aestivum 
Genomic DNA from wild type wheat and transgenic wheat were isolated by the 
method modified from Eduardao Daniel Souza (www.labtimes.eu). Wheat leaves 
(25mg) were prechilled and crushed in liquid nitrogen using sterile microtube pestles 
(scientific specialities, CA) in a sterile 1.5ml eppendorf tube. The crushed leaves 
were incubated at 65°C for 15 minutes with 665µl prewarm extraction buffer (100 mM 
Tris-HCl, 700 mM NaCl,50 mM EDTA pH 8,0,RNAse 10μg/μl,pH value of extraction 
buffer: 8.0). The tubes were inverted time to time during the incubation. The samples 
were brought to room temperature and 325μl chloroform/Isoamylalcohol (24:1) was 
added and were incubated at room temperature for 5 minutes. After centrifugation for 
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2 min at 14,000 rpm at room temperature, the upper aqueous layer containing the 
DNA was transferred into a fresh sterile eppendorf tube. Any contaminating RNA was 
removed by adding 5 μl of 10 mg/ml stock solution of RNaseA (Qiagen) and 
incubating at 37 °C for 10 minutes. After incubating with RNAseA, the DNA was 
precipitated with 700 μl isopropanol and was centrifuged at 14,000rpm for 10 
minutes.The DNA was sedimented by centrifugation and the pellet was washed with 
500 μl of 70% ethanol,airdried and the pellets were dissolved with 50 μl TE buffer (10 
mM Tris, 1 mM EDTA, pH 8.0). 
2.16 Screening of transgenic wheat plants 
Individual wild type and transgenic plants were initially screened by PCR using gene 
specific primers on genomic DNA extracts. In the same manner, wheat ACTIN gene 
was included as an internal control to differentiate between the wild type and 
transgenic wheat line (Yang et al., 2007). Putative co-transformed transgenic wheat 
shoots were screened by PCR with E1 and CBH1 gene specific primers. Gene 
specific primers were designed to the internal regions of E1 and CBH1 genes. 
2.17 cDNA synthesis 
For cDNA synthesis, leaves from N. tabacum were snap-frozen in liquid nitrogen and 
total RNA was extracted using the RNeasy Plant mini kit (Qiagen) with on-column 
DNase digestion. First strand cDNA synthesis was performed on 2 μg of total RNA 
using MMLV reverse transcriptase (Roche) with an oligo (dT)18 primer following the 
standard protocol (Roche). The synthesised cDNA was used either for isolating 
genes by PCR or for analysing transgene transcript levels by RT-PCR in transgenic 
plants. 
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2.18 DNA analysis software programs 
For oligonucleotide primer design, sequence similarity searches, Vector NTI advance 
10 and clone manager was used. Binary sequence alignments and for multiple 
sequence alignments using ClustalW, NCBI (http://www.ncbi.nlm.nih.gov/) and 
ExPASY (http://ca.expasy.org/sprot/) programs were used. All sequence 
electrophoregrams were examined and the raw sequences were edited using BioEdit 
v7.0.52 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The vector maps were 
drawn using Vector NTI Advance 10 Software from Invitrogen. 
2.19 Western analysis 
Plant snap frozen in liquid nitrogen and ground to fine powder  in a 1.5ml 
microcentrifuge tube with a precooled conical plastic pestles. The leaf powder was 
resuspended in protein extraction buffer (50 mM sodium acetate pH 5.5, 100 mM 
NaCl, 10% v/v glycerol, 0.5 mM ethylenediaminetetraacetic acid (disodium salt), 1 
mM phenylmethylsulfonyl fluoride) at a ratio of 2 μl per mg of sample (fresh weight). 
Proteins were recovered as soluble extracts was recovered from insoluble debris 
after centrifugation at 14,000 rpm for 10min. Proteins extracted from the leaf tissue 
were resolved by SDS-PAGE (12% w/v gel) and electroblotted onto nitrocellulose by 
using Iblot from Invitrogen.  5 and 10 µg of TSP was resolved by SDS -PAGE for E1 
and CBH1 protein detection. The membrane was blocked with 1X PBS, 5% non-fat 
dry milk, 0.1% Tween-20 at room temperature for 1 h, and then incubated with 
primary antibody (mouse anti-E1, 1 μgmL−1) at 4◦C overnight. The membrane was 
washed three times with 1X PBS containing 0.1% Tween-20, each time for 10 min 
and incubated with secondary enzyme. Immunodetection was accomplished with the 
ECL system (Amersham Pharmacia Biotech). The primary antibody used for E1 
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protein detection was a mouse monoclonal (provided by National Renewable Energy 
laboratories (NREL), Colorado) (1:2500 dilution) directed against E1 catalytic domain 
(E1cd) and the CBH1 primary antibody was CBH1 synthetic peptide (14 amino acids 
long) was designed towards the N terminus of the catalytic domain and was raised in 
rabbit (1:2500 dilution). The CBH1 antibody was generated by Dr. Gregory Nugent 
and Dr. Chitra Raghavan from RMIT University. The protein extracts from E1-146 
and 134 tobacco transgenic plants provided by Dr. Gregory Nugent were used as 
positive control in RT-PCR and western blot experiments. 
2.20 MUC assay 
The enzymatic assay was carried in a 96-well plate, 10 μL of protein extracts were 
mixed with 100 μL reaction buffer (50 mmol L−1 sodium acetate pH 5.0 containing 1.0 
mmolL−1 of substrate MUC,4-methylumbelliferone β-D-cellobioside). The black 
microtitre plates were covered with adhesive lids and incubated at 50 ◦C in the dark 
for 60 min. Then, the reaction was stopped with the addition of 100 μL of stop buffer 
(0.1mol L−1 glycine, pH 10.3). The fluorophore 4-methylumbelliferone (MU), as the 
product of E1 and CBH1 hydrolysis of the substrate MUC was measured as follows. 
The fluorescence was read at 465 nm using a VICTOR2 D fluorometre (Perkin Elmer) 
at an excitation wavelength of 360 nm. The activity of each sample was calculated 
using purified protein of E1 and CBH1 standard curve (Appendix IV) after subtracting 
background fluorescence from MUC negative buffer (50 mmol L−1 sodium acetate pH 
5.0) (Appendix III).  The background fluorescence of non-transgenic protein extracts 
was subtracted from that of the transgenic lines to calculate the exact fluorescence 
and the enzymatic activity was calculated using the standard curves (Ziegelhoffer et 
al., 2001). 
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2.21 GUS assay 
The maize leaf segments and wheat calli were incubated with the GUS enzyme 
substrate 5-bromo-4-chloro-3- indolyl glucuronide (Sigma) in the dark at 37 ºC  for 48 
hr, at which time the number of blue spots, indicating where the GUS enzyme was 
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Chapter 3: Expression of E1 and CBH1 in transgenic tobacco 
(Nicotiana tabaccum) 
3.1 Introduction 
Plant biomass, the most abundant renewable resource in the world, is a potential 
source of fermentable sugars to produce an alternative transportation fuels and other 
chemicals. Bioconversion of plant biomass to fermentable glucose involves 
enzymatic hydrolysis of cellulose, the major polysaccharide constituent of the plant 
(Henning et al., 2007). Currently, commercial cellulases are required to degrade 
cellulose to glucose prior to ethanol production. Presently, cellulases are produced 
from recombinant micro-organisms and are subsequently added to plant material 
during processing. However, the cost involved in producing cellulases via large scale 
microbial fermentation has in part inhibited the commercial adoption of the 
bioconversion of lignocellulosic biomass to ethanol. Since commercially available 
microbial cellulases are prohibitively expensive for bioethanol processes (Biswas et 
al., 2006), this project investigated the feasibility of producing cellulases (E1 & CBH1) 
in plants as a low-cost, potentially high-volume alternative to traditional production 
methods (Ziegler et al., 2000). 
The enzymes E1 and CBH1 catalytic domains have high temperature optima and 
reduced activity at ambient temperatures; as such expression in plants might be 
expected to have no deleterious effect on plants growing under field conditions (Hood 
et al., 2007). The production of transgenic plants that endogenously produce these 
two thermostable enzymes that will be active post harvest may provide an alternative 
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approach to pretreatment process of the plant material by recombinant 
microorganisms. 
The thermophilic enzyme E1 has been expressed in several transgenic plants, and 
up to 26% of total soluble protein was reported to be accumulated in A. thaliana (Dai 
et al., 2005; Dai et al., 2000; Ziegler et al., 2000). However, A. thaliana can’t be used 
as a great source of plant biomass for bioethanol production. In addition it is 
desirable to have CBH1 also being expressed, but this gene has only been reported 
twice in transgenic plants (Dai et al., 1999; Hood et al., 2007). To date the production 
of active cellulases in plants have been restricted to Arabidopsis, tobacco, potato, 
barley, rice and maize (Taylor  et al., 2008) and no transgenic plants co-expressing 
more than one cellulase gene has been reported.  
Therefore, in this Chapter, attempts have been made to express the catalytic 
domains of E1 and CBH1 from Acidothermus cellulolyticus and T. reesei in the 
apoplast of transgenic tobacco.  The expressed recombinant proteins will be targeted 
to the apoplast using pr1a apoplast transit peptide. Tobacco was chosen as a model 
plant to test the vectors because it is easily transformed and rapidly regenerated to 
study the expression levels of both these genes. 
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3.2 Materials & methods 
3.2.1 Construction of E1 expression vector 
The pr1a apoplast transit peptide (Genbank X0636.1) and E1 catalytic domain was 
cloned in the vector pNAV61 and the wheat TarbcS promoter and polyadenylation 
signal of nopaline synthase gene were cloned in vector pNAV28. The vector pNAV61 
and 28 were restriction digested with NcoI and XmaI restriction enzymes. This 
resulted in the expected sized DNA fragments of 1.1 kb E1 catalytic domain and 
pNAV61 vector backbone (Fig 3.1). The restriction digestion also resulted in a 
linearised pNAV28 vector at 3.9 kb (Fig 3.1). Schematic representation of the cloning 
strategy used for the construction of E1 expression cassette is shown in Figure 3.2. 
The restriction digested pNAV28 and 61 were ligated in order to accommodate E1 
catalytic domain under the TarbcS promoter and polyadenylation signal of nopaline 
synthase genes. The E1 expression cassettes constructed were further verified by 
restriction digestion with XbaI and Asp718.  This resulted in the expected DNA 
fragments of 2.1 kb E1 expression cassette followed by pNAV28 vector backbone 





















Figure 3.1 Initiation of E1 expression cassette construction by restriction 
digestion 
Lane 1 = 1 kb DNA marker (Hyperladder1); Lane 2 = pNAV28 undigested plasmid; 
Lane 3 = pNAV28 digested with NcoI and XmaI (3.9 kb); Lane 4 = undigested    
pNAV61 and Lane 5 = pNAV61 + E1 (1.1 kb) catalytic domain. 
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Figure 3.2 Schematic representation of the cloning strategy used for the 
construction of E1 expression cassette. 
Orange arrow = E1 catalytic domain, Red triangle = Pr1a apoplast transit peptide, 
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Figure 3. 3 Confirmation of E1 expression cassette by restriction digestion  
Lane 1 = 1 kb DNA marker (Hyperladder 1); Lane 2 = undigested recombinant 
plasmid; Lane 3 = pNAV28 digested with XbaI and Asp718; Lane 4 = recombinant 
undigested plasmid; Lane 5 = recombinant plasmid screened for E1 expression 
cassette with XbaI and Asp718. 
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3.2.2 Construction of CBH1 expression vector 
The pr1a apoplast transit peptide (Genbank X0636.1) CBH1 catalytic domain from T. 
reesei was cloned in the vector pNAV49 and the wheat TarbcS promoter and 
polyadenylation signal of nopaline synthase gene were cloned in vector pNAV28. 
The vector pNAV49 and 28 were restriction digested with NcoI and SalI restriction 
enzymes. This resulted in a 1.4 kb CBH1 catalytic domain and 2.9 kb pNAV49 vector 
backbone. In addition, it also gave a linearised pNAV28 vector (Fig 3.4). The 
construction of CBH1 expression vector is schematically represented in Figure 3.5. 
The restriction digested pNAV28 and 49 were ligated in order to accommodate CBH1 
catalytic domain under the TarbcS promoter and polyadenylation signal of nopaline 
synthase gene. The CBH1 expression cassettes constructed were further verified by 
restriction digestion with XbaI and Asp718 to confirm the construction of CBH1 
expression cassette (Fig 3.6). The construction of CBH1 expression cassette was 
further confirmed by DNA sequencing.  













Figure 3.4 Initiation of CBH1 expression cassette construction by restriction 
digestion 
Lane 1 = 1 kb DNA marker (Hyperladder1); Lane 2 = pNAV28 undigested plasmid; 
Lane 3 and 4 = pNAV28 digested with NcoI and SalI (3.9 kb), Lane 5 = undigested 
pNAV49 and Lane 6 = digested pNAV49 (2.9 kb) + CBH1 catalytic domain (1.4 kb) 
with NcoI and SalI. 
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Figure 3.5 Schematic representation of the cloning strategy used for the 
construction of CBH1 expression cassette. 
Blue arrow = CBH1 catalytic domain, Red rectangle = Pr1a apoplast transit peptide, 
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Figure 3.6 Confirmation of CBH1 expression cassette by restriction digestion 
 Lane 1 = 1 kb DNA marker (Hyperladder1); Lane 2-5 = four recombinant vectors 
screened by restriction digestion for the presence of CBH1 expression cassette (2.4 
kb) and Lane 6 is undigested recombinant vector.  
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3.2.3 Construction of E1 and CBH1 binary vectors 
The expression vectors of E1 and CBH1 were restriction digested with XbaI and 
Asp718 restriction enzyme. This resulted in the expected sized DNA fragments of 2.1 
and 2.4 kb of E1 and CBH1 expression cassettes followed by 2.9 kb pNAV28 vector 
backbone (Fig 3.7 A and B). The whole of the expression cassettes of E1 and CBH1 
were individually ligated to the linearised pNAV60 binary vectors. The schematic 
representation of cloning strategy used for constructing the two binary vectors is 
indicated in Figure 3.8 and 3.9. The two binary vectors were individually screened by 
PCR and restriction digestion. The PCR resulted in the expected sized DNA products 
of 2.1 and 2.3 kb of E1 and CBH1 expression cassettes (Fig 3.10 A and B). The PCR 
was performed by using primers sets for TarbcS promoter and nos polyadenylation 
gene sequences. No band was observed in pNAV60 negative control. In addition, the 
restriction digestion resulted in the expected sized product of 2.1 and 2.3 kb of E1 
and CBH1 expression cassettes followed by pNAV60 vector backbone (Fig 3.11 A 
and B). This binary vector contains the selectable marker gene nptII under the control 
of CaMV35s and tml 3’ polyadenylation gene sequence. The binary vector used in 
this study is described by McBride and Summerfelt (1990). Binary vectors, E1 and 










                          









Figure 3.7 Confirmation of E1 and CBH1 binary vector by restriction enzyme 
digestion with XbaI and Asp718 
(A) Lane 1 = 1 kb DNA marker (Hyperladder 1), Lane 2 = undigested NAV60, Lane 3 
= pNAV60 restriction digested with restriction endonucleases (14.4 kb) and Lane 4 = 
E1 expression cassette restriction digested with restriction endonucleases (2.1 kb). 
(B) Lane 1 = 1 kb DNA marker (Hyper ladder 1), Lane 2 = undigested pNAV60, Lane 
3 = pNAV60 digested with restriction endonucleases (14.4 kb) and Lane 4 = CBH1 
expression cassette restriction digested with restriction endonucleases (2.4 kb). 
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Figure 3.8 Schematic representation of the cloning strategy used for the 
construction of  E1 binary vector. 
Orange arrow = E1 catalytic domain, Red rectangle = Pr1a apoplast transit peptide, 
Green arrow = TarbcS wheat promoter, long blue line = nos terminator, Red arrows = 
CaMV35S promoter, yellow rectangle = plant selectable marker nptII and black box = 
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Figure 3.9 Schematic representation of the cloning strategy used for the 
construction of CBH1binary vector.  
Blue arrow = CBH1 catalytic domain, Short blue line = Pr1a apoplast transit peptide, 
Green arrow = TarbcS wheat promoter, long blue line = nos terminator, Red arrows = 
CaMV35S promoter, yellow rectangle = plant selectable marker nptII and blackbox = 
tml 3’ terminator. 
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Figure 3.10 Confirmation of E1 and CBH1 Binary vectors by PCR 
(A) Lane 1 = 1 kb DNA marker (Hyperladder 1), Lane 2 = pNAV28 (1kb), Lane 3-8 = 
PCR confirmation of pNAV60+E1 expression cassette by gene specific primers (2.3 
kb) and lane 9 = pNAV60 used as negative control. (B) Lane 1 = 1 kb DNA marker 
(Hyper ladder 1), Lane 2 = pNAV28 (1 kb), Lane 3-8 = PCR confirmation of 
pNAV60+CBH1 (2.4 kb) expression cassette by gene specific primers and lane 8 = 
pNAV60 used as negative control. 
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Figure 3.11 Confirmation of E1 and CBH1 binary vector by restriction digestion 
with XbaI and Asp 718 restriction enzymes. 
(A) Lane 1 = 1 kb DNA marker (Hyperladder1), Lane 2 = pNAV60, Lane 3 = 
recombinant E1 binary vector digested with restriction endonucleases (2.1kb) and 
Lane 4 = pNAV60 restriction digested with restriction endonucleases. (B)  Lane 1 = 
DNA marker (hyperladder1), Lane 2 = pNAV60, Lane 3 = recombinant CBH1 binary 
vector digested with restriction endonucleases (2.4 kb). 
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3.2.4 Shoot regeneration from Agrobacterium transformation 
Agrobacterium tumefaciens strain LBA-4404 containing the E1 and CBH1 binary 
individual binary vectors were mixed together and were used for the transformation of 
tobacco plants. Transgenic plants were obtained by the co-cultivation method using 
tobacco leaf discs grown aseptically on Murashige and Skoog (MS) medium 
supplemented with 3% sucrose and appropriate levels of plant growth regulators 
(Murashige & Skoog, 1962). Solutions containing 1 mg L−1 naphthaleneacetic acid 
and 0.5 mg L−1 6-benzylaminopurine were used for callus induction and 0.5mg L−1 6-
benzylaminopurine for shoot induction. Shoots were cultivated on Murashige and 
Skoog agar medium containing 200 mg L−1 kanamycin and 300 mg L−1  Timentin  and 
healthy kanamycin-resistant plants were grown in a growth room. The growth room 
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3.3 Results 
3.3.1 Nuclear Transformation of Tobacco 
Transgenic shoots were selected by culture on medium containing 200 mg/L 
kanamycin. Tobacco nuclear transformants were generated by Agrobacterium 
mediated transformation strategy with a 1:1 mixture of O/N cultures of Agrobacterium 
containing binary vectors. A total of 30 transgenic plants were obtained from nuclear 
transformation experiment. The screening of 30 transgenic shoots that came through 
the process of selection resulted in 16 PCR positive putative transgenics. The others 
were found be escapes. 
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3.3.2 Identification of transgenic tobacco by single and duplex PCR 
The E1 and CBH1 transgenic plants generated were analysed for the transgenes by 
PCR using gene specific primers. It was found that by duplex and single PCR 
analysis 10 transgenic plants were E1 single transgenics, 3 were double transgenics 
containing E1 and CBH1 genes and 2 were found to be CBH1 single transgenics. 
One plant was found to be negative for both the genes (Fig 3.12 A, B and C). The 
expected size of 327 and 432 bp products were observed after duplex and single 
PCR analysis for E1 and CBH1 transgenes (Fig 3.12 A, B and C). To compare the 
size of PCR products from transgenic plants, E1 and CBH1 binary vectors were used 























Figure 3.12 Confirmation of E1 and CBH1 transgenes by single and duplex PCR  
(A) Duplex PCR using primers for E1 and CBH1 (E1 = 327 bp, CBH1 = 432 bp); (B) 
PCR using primers for CBH1 (CBH1 = 432 bp) and (C) PCR using primers for E1    
(E1 = 327 bp). Lane M = DNA marker (Hyperladder1); Lane + = E1 binary vector 
(327bp); 1-16 = Transgenic plant genomic DNA; NT = non-transformed plant 
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3.3.3 RT PCR analysis for E1 and CBH1 
The expression of the E1 gene was analysed by RT-PCR. The analysis was done 
using total RNA extracted from tobacco plants. One single and one double transgenic 
plant resistant to kanamycin were screened for the expression of E1 gene. These 
single and double E1 transgenic plants were confirmed to be successfully expressing 
mRNA (Fig 3.13 A). RT PCR analysis of CBH1 gene expression was analysed and it 
























Figure 3.13 Confirmation of RT PCR analysis of E1 and CBH1 transgenes 
(A) Lane 1 = DNA marker (Hyperladder1) ; Lane 2 = CaMV35S E1-146 tobacco 
transgenics (Provided by Dr. Gregory Nugent, RMIT) with reverse transcriptase 
enzyme; Lane 3 = CaMV35S E1-146 tobacco transgenics without reverse 
transcriptase enzyme; Lane 4 and 5 = non-transformed plant with and without 
transcriptase enzyme; Lane 6 and 7 = T2 E1 transgenic with and without reverse 
transcriptase enzyme; Lane 8 and 9 = T4 double transgenic with and without reverse 
transcriptase enzyme; Lane 10 = negative control without template (B) Lane 1 = DNA 
marker; Lane 2 = CaMV35S CBH1-134 tobacco transgenics with reverse 
transcriptase enzyme; Lane 3 = CaMV35S CBH1 tobacco transgenics without 
reverse transcriptase enzyme; Lane 4 = non-transformed  with  transcriptase 
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3.3.4 Western blot analysis of E1 and CBH1 protein 
The total soluble protein from the transgenic plants were extracted and Western blot 
analysis was performed using a mouse monoclonal antibody raised against              
A. cellulolyticus E1 (Fig 3.14). A cross-reacting band is clearly visible at 40 kDa in 
transgenic plants running adjacently to the purified E1 catalytic domain protein from 
A. cellulolyticus. The E1 protein accumulation of E1 under constitutive promoter was 
found to be 0.5% of the total soluble protein (TSP) in the transgenic line 146 and the 
maximum E1 protein accumulation under Tarbcs promoter was found to be 0.05% of 
the TSP in the transgenic lines T2 and T11 (Fig 3.14). The E1 accumulation in 
transgenics plants expressed under TarbcS promoter ranges between 0.01-0.05% of 
the TSP. 
Transgenic plants that were CBH1 positive were screened for CBH1 protein using a 
polyclonal CBH1 antibody raised in rabbit. The CBH1 catalytic domain could not be 
detected in the CBH1 transgenic plants (Figure 3.15). The expected size of the CBH1 
catalytic domain was 46 kDa. The positive control 25 ng of CBH1 full length protein 

















Figure 3.14 Immunoblot analysis of E1 protein accumulation in transgenic 
tobacco 
(A) Lane NT= non-transformed plant; Lane 10, 25, 50 = nanograms of E1 purified 
catalytic domian protein from A. cellulolyticus (40 kDa); Lane 146 = protein 
expressed in tobacco under CaMV 35S promoter (Provided by Dr. Gregory Nugent, 
RMIT); Lanes T2, T3, T4 and T7 = transgenic plants expressing E1 protein; LanesT5 
and T6 = transgenic plants not expressing E1 protein. (B) Lane NT = non-
transformed plant; Lane 10, 25, 50 = ng of E1 purified protein from A. cellulolyticus 
(40 kDa); Lane 134 = E1-134 protein expressed in tobacco under CaMV 35S 
promoter (Provided by Dr. Gregory Nugent, RMIT); Lanes T11-12 = transgenic plants 
expressing E1 protein; Lanes T10, T13, T14 and T15 = transgenic plants not 
expressing E1 protein. In both the above blots 20µg of total soluble protein were 
used to detect E1 protein. 
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Figure 3.15 Immunoblot analysis of CBH1 protein accumulation in transgenic 
tobacco 
Lane M = 250 kDa Molecular marker (Bio-Rad); Lane+ = 25ng of CBH1 full length 
purified protein from T.reesei; Lanes T45-T63 = CBH1 transgenic plants under CaMV 
35S promoter and not expressing; Lanes T5-T15 = CBH1 transgenic plants under Ta 
rbcs promoter and not expressing and NT = non- transformed plant. In this blot 20µg 
of total soluble protein were used to detect CBH1 protein. 
 
 M     +     T45   T61   T62   T63   T5   T9   T15   NT 
       CaMV 35S CBH1        Ta rbcsCBH1 
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3.3.4 Cellulase enzyme assay 
The 4-methylumbelliferyl-β-D-cellobiose (MUC) assay was used on transgenic plants 
that were screened by Western blots. The MUC assay allows sensitive detection of 
cellulase activity within an hour. The MUC assay analysis showed that the E1 
transgenic plants that were Western blot positive showed MUC activity (Fig 3.16). 
The MUC activity for the protein extracts from E1 transgenic plants under Tarbcs 
plants promoter ranged from a minimum of 0.01% TSP in T4, to a maximum of 0.04% 
TSP in T2 (Fig 3.16). In comparison to the E1 transgenic plants 146 and 134, the 
percentage of E1 accumulation was found to be 10 fold lower in E1 transgenic plants 
under Tarbcs promoter (Figure3.16).The E1 protein accumulation was found to be 
0.5% TSP in 146 and 134. The enzyme activity observed with recombinant E1 
protein was interpolated with a linear standard curve generated over the range of 5 – 
30 ng of purified E1 protein from A. cellulolyticus. The amount of E1 accumulation in 
TSP was represented as the percentage TSP of E1. 
The expression levels for CBH1 from both 35S and TarbcS promoter containing 
transgenic plants were found be similar to the activity observed in the non-
transformed. Therefore, it supports the conclusion that CBH1 was not expressed and 



















Figure 3.16 Cellulase enzyme activity 
E1 146-E1 catalytic domain expressed under CaMV35S promoter in tobacco and     
T2 -T12 = E1 catalytic domain expressed under wheat rbcS promoter. The enzyme 
activity is represented as % TSP of E1.±S.E (n=3). 
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3.4 Discussion 
The E1 and CBH1 cellulase genes were cloned successfully from the pNAV49 and 
61 into 28 to form the expression cassettes. The expression cassettes were then 
successfully cloned into pNAV60 binary vectors to form the E1 and CBH1 binary 
vectors for plant transformation. The binary vectors were constructed for both genes 
to transform tobacco by A. tumefaciens mediated transformation. This is for the first 
time E1 and CBH1 cellulase genes have been transformed into tobacco at the same 
time. 
The Agrobacterium strain LB4404 harbouring E1 and CBH1 binary vectors were 
used to infect wild type tobacco leaf discs. Thirty transgenic shoots were generated 
resistant to kanamycin plant selectable marker. The shoots regenerated were 
screened for the presence of both the transgenes by PCR. The PCR results indicated 
that there were 10 E1, 2 CBH1 and 3 double transgenic plants. The other shoots 
were escapes on kanamycin selection.  
All the transgenic plants were screened for the E1 and CBH1 protein expression by 
Western blot experiment. This resulted in six transgenic plants expressing E1 protein 
and it was observed that the protein accumulation was up to 0.05% of the TSP. All 
the transgenic plants were screened for E1 enzymatic activity over a synthetic 
substrate and it was observed that those transgenic lines expressing E1 under the 
TarbcS promoter showed similar levels of E1 protein accumulation to that of the 
Western blots. The Western blot analysis and the enzyme assay correlated with each 
other. The maximum accumulation of E1 catalytic domain expressed under TarbcS 
promoter shows an 83-fold increase over the cytosolic accumulation level of 
0.0006%, and a 71-fold increase over the cholorplast accumulation of 0.0007% of the 
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TSP (Ziegelhoffer et al., 2001). In contrast, this is not as high as the 0.25, 0.33, 0.4, 
0.5, 1.16, 4.9 and 26% of TSP reported in the apoplast of other transgenic plants in 
the literature (Biswas et al., 2006; Dai et al., 2005; Hood et al., 2007; Oraby et al., 
2007; Sun et al., 2007; Ziegelhoffer et al., 2001; Ziegler et al., 2000). This study has 
showed that E1 can be expressed under the control of TarbcS promoter, but the 
expression levels are not as high when expressed under CaMV 35S promoter. It has 
been reported that expression levels of recombinant protein under a monocot 
promoter in a dicot system is 10 fold lesser than the protein expressed under 
constitutive or dicot promoters (Christensen and Quail, 1996). This could be one of 
the reasons why the E1 protein accumulation in transgenic wheat (Chapter5) was 10 
fold higher than the one expressed in transgenic tobacco. This supports the 
conclusion that E1 expressed under CaMV 35S in tobacco was 10 fold higher than 
E1 expressed under TarbcS promoter.  
In the case of CBH1 transgenics, none of the transgenic plants expressed CBH1 
catalytic domain at the expected size in Western blot and there was no message 
detected in RT-PCR experiment. To confirm the results of Western blot and RT- 
PCR, protein extracts from CBH1 PCR positive transgenic plants were subjected to 
enzymatic activity against a flourogenic synthetic substrate MUC. The enzymatic 
activity detected was similar to the background activity exhibited by the non-
transformed plant. The background activity from non-transformed plant was much 
lower than that of the control CBH1.  
To date, there are no reports of heterologous expression of CBH1 catalytic domain 
but two papers have reported the expression of full length CBH1 protein at 0.11% 
and 17.8% of the TSP (Dai et al., 1999; Hood et al., 2007). The RT-PCR and 
Western blot results indicate that there is no message and protein being translated. 
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The possible explanation is that with nuclear transformation, the integration of 
transgene in the plant genome is random and this can have major effect in 
expression levels of the transgene. For example, if the site integration of the 
transgene is into a non-transcribed chromatin region, then the gene is effectively 
silenced, whereas if the transgene is integrated into a region close to an enhancer 
sequence, or a region of highly expressed genes, then the transgene may exhibit 
very high expression levels. There are different types of gene silencing, including 
those occurring at a post-transcriptional stage, and these are known to affect both 
native and introduced genes (English et al., 1996). Therefore, it is a good practice to 
screen many of the transgenic plants to find lines expressing the transgene. 
This other possible explanation could be because of the high GC content in 
thermostable enzymes (Montanucci et al., 2007). For the conversion of lignocellulosic 
biomass genes are mostly taken from glycosyl hydrolase family that originate in 
various genera of bacteria or filamentous fungi. The differences in codon usage and 
G+C content, there could be a possibility of such genes containing sub-sequences 
that, when expressed in plants, act as instability signals. These signals can be in the 
form of DNA, mRNA or protein that function normally in the native organism but have 
a detrimental impact on gene expression in planta. Therefore, genes can be codon 
optimization for better expression in the plant. In addition, cryptic splice sites and 
mRNA- destabilizing motifs or potential protease sites present in the sequence can 
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Chapter 4 Transient expression of GUS gene in maize leaves 
and wheat calli 
4.1 Introduction 
The chapter mainly focuses in testing expression of Rubisco small subunit (rbcS) 
promoter from wheat in maize leaves and wheat calli. The TarbcS promoter is 
regulated by light and is one of the best models for studies of gene expression in 
plants (Gilmartin et al., 1990).  The experiment was conducted in maize leaves 
because wheat and maize rbcS promoters show sequence homologies and similar 
expression patterns in monocot leaves. In addition to their sequence homologies, the 
monocots share conserved regulatory elements responsible for gene expression. 
To overcome the barriers associated with Agrobacterium mediated transformation, 
protoplasts, and microinjection for gene transfer studies, a bioloistic particle delivery 
gun for delivery of DNA into intact cells or tissues has been developed (Van Bel et 
al., 2001). In the biolistic particle gun system, small gold or tungsten particles coated 
with DNA are accelerated to velocities sufficient for the penetration of cells walls and 
membranes without any damage. This approach has the advantage of being suitable 
for both nuclear and chloroplast transformation as the particles can penetrate both 
the cell membrane and the chloroplast membrane.  This technique has been used to 
transiently express chloramphenicol acetyltransferase (Cat) and β- glucoronidase 
(GUS) reporter genes in maize, rice, soybean, and wheat (Wang et al., 1988). This 
study mainly aims to study the activity of the wheat TarbcS promoter in maize leaves 
and wheat calli. 
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4.2 Materials and Methods 
4.2.1 Construction of GUS expression vector 
The GUS gene was amplified by PCR from pCAMBIA 1303 (Calgene) using gene 
specific primers. The primers were flanked by NcoI and XmaI restriction sites. The 
PCR resulted in an expected sized DNA product of 1800 bp (Fig 4.1). The PCR 
product was digested with NcoI and XmaI restriction enzymes. Simultaneously, 
NAV28 containing wheat TarbcS promoter and nos terminator was subjected to 
restriction enzyme digestion with NcoI and XmaI. This resulted in an expected sized 
DNA fragment of 3.9 kb linearised vector. The PCR product and the linearised vector 
were ligated to accommodate GUS reporter gene under the control of wheat TarbcS 
promoter and nos terminator. The schematic representation of the cloning steps in 
constructing GUS expression vector is shown in Figure 4.2. The construction of GUS 
expression vector was confirmed by restriction digestion. This resulted in the 
expected sized DNA fragment of 1.8 kb representing the GUS gene (Fig 4.3). The 
construction of GUS expression cassette was further confirmed by DNA sequencing. 


















Figure 4.1 Confirmation of PCR product GUS gene from pCAMBIA 1303 
Lane 1= DNA marker (GeneRuler 1 kb); Lanes 2 = PCR amplified GUS gene (1800 
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Figure 4.2 Schematic representation of the cloning strategy used for the 
construction of GUS expression cassette. 
Blue arrow = GUS reporter gene, Green arrow = TarbcS wheat promoter and long 
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Figure 4.3 Confirmation of  GUS gene in pNAV28 by restriction digestion 
Lane 1= DNA marker (GeneRuler 1 kb); Lanes 2 = empty lane Lane 3-4 = 
recombinant plasmid screened for the GUS gene (1800 bp) and Lane 5 = pNAV28 
control vector (2900 bp) 
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4.2.2 Plant Material 
(A) Maize leaves-Seeds of maize (Zea mays) were sown in moist Vermiculite and 
grown at 24 °C in darkness. The second leaves were collected for transient in situ 
expression assay from a ten-day old seedling (Bansal et al., 1992). A modified MS 
(Murashige and Skoog, 1962) medium containing MS macro and micro salts, 
thiamine HCL 1mg 1-1 , pyridoxine HCL 0.5 mg  1-1  , myo-inositol 100 mg1-1 , L-
asparagine 150 mg 1-1 , 2,4-D 9 µmol1-1, maltose 30 g1-1 was used for routine callus 
induction and growth. 
(B) Wheat callus- Mature wheat seeds (Bob white) were surface sterilized with 70% 
ethanol for 1 minute following 8% sodium hypochlorite for 15 minutes and rinsed five 
times with sterilized water. The seeds were germinated in the dark at 24ºC on the MS 
medium for germination. Leaf base segments of 1 mm in length were dissected from 
3-4 day old seedlings. The leaf base segments were cultured on the callus induction 
medium for 1 month in dark at 24ºC.  
4.2.3 Microprojectile bombardment of maize leaves and wheat calli 
Gold particles (60 mg) were mixed with ethanol and vortexed for two minutes. The 
gold particles were soaked overnight in 1 ml of absolute ethanol, after vortexing for 2 
min. The ethanol was removed and the gold particles were washed thrice with 
autoclaved water, after that the particles were resuspended in 50% sterile glycerol. 
The particles for Microprojectile bombardment were prepared in the following 
manner: the washed particles were resuspended in 25µl of 50% sterile glycerol and 
to these particles was added 5µg of DNA in TE (10 mM Tris, 1 mM EDTA, pH 8.0) 
followed by the addition of 25µl of CaCI 2 (2.5 M) and 5 µl of spermidine (1M). The 
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DNA coated gold particles incubated for 10 min at room temperature, 40 µl of the 
supernatant was discarded after brief centrifugation. The remaining 5 µl of the DNA 
coated gold particles were loaded onto the macroprojectile. Prior to bombardment, 
maize leaves were placed in petri dishes (10 cm in diameter) in MS medium 
(Murashige and Skoog, 1962) containing 2% sucrose, solidified with 0.8% agar. 
Keeping the samples at the fourth level in Bio-Rad (PDS-1000), each sample was 
bombarded twice, per treatment. After bombardment, the plant materials were 
incubated at 24ºC for 72 h in growth room. As a control NAV28 vector without the 
GUS gene was bombarded.  The above mentioned method is a modified version 
from Daniell et al (Daniell et al., 1991). 
4.2.4 Transient GUS assay 
The maize leaf segments and wheat calli were incubated with the substrate 5-bromo-
4-chloro-3- indolyl glucuronide (Sigma) in the dark at 37 ºC  for 48 h, at which time 
the number of blue spots, indicating  GUS enzyme activity (Bansal et al., 1992).  
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4.3 Results 
4.3.1 GUS Expression in maize leaves 
The expression of the GUS gene in 12 maize leaf basal segments was observed 
after bombarded with gold microparticles coated with the GUS expression vector. A 
representative sample of 3 leaf segments is shown in Figure 4.4 A, B and C. The 
blue indigo spots were observed to be surrounding the region of bombarded gold 
particles. No GUS expression was observed in maize leaves bombarded with the 
negative control vector pNAV28 (Fig 4.4 D). On the other hand, it was evident from 
samples that had been bombarded with pNAV28 and GUS expression vector that 
glucuronidase, when present, cleaved glucuronic acid from the substrate X-gluc to 
produce indigo dye. In addition, this experiment supports the conclusion that wheat 
rbcS promoter is functional. 
 












Figure 4.4  GUS spots in maize leaves 
Images A, B, and C shows a leaf segment blue spots resulting from bombarded GUS 
expression vector. The blue spots are after incubation with the 5-bromo-4-chloro-3-
indolyl glucuronide substrate for GUS. (D) No blue spots observed when bombarded 
with the negative control vector NAV28. Accumulation of gold particles is seen in the 
control leaf segment. Magnification: 40x in Carl Zeiss light microscope (A-D, bars       
= 1mm). 
 
   91  
4.3.1 GUS Expression in wheat callus and leaf base 
The calli rich in embryonic callus and leaf base germinated from mature seeds of 
wheat showed GUS expression. When bombarded with GUS gene, callus clumps 
were shattered upon impact of gold particles; however, this did not affect their 
subsequent gene expression. No background indigo dye was detected in negative 
controls, bombarded with pNAV28 (Fig 4.5 C). After the incubation with GUS 
substrate, a number of blue spots were seen in the callus bombarded with the GUS 
expression vector (Fig 4.5 A and B).  












Figure 4.5 GUS spots in wheat calli 
Images A and B show GUS expression in callus and leaf base bombarded with GUS 
expression vector. Arrows indicate callus that expressed GUS. (C) No blue spots 
observed when bombarded with the control vector NAV28. Accumulation of gold 
particles is seen in the control callus bombarded with NAV28. Magnification: 40x in 
Carl Zeiss light microscope (A-C, bars = 1mm). 
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4.4 Discussion 
The particle bombardment method has been previously used to study transient 
expression of a reporter gene (Daniell et al., 1991). The GUS expression was 
observed in maize leaves, wheat callus and leaf bases of wheat.  The blue spots in 
maize leaves, wheat callus and leaf base were observed in to be similar to those 
obtained by other transient studies in the literature (Bansal et al., 1992; Daniell et al., 
1991; Oard et al., 1990).The expression of GUS gene supports the conclusion that 
TarbcS promoter is functional in both the monocots. Therefore, TarbcS promoter is 
suitable for expressing cellulase genes in transgenic wheat. 
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Chapter 5: Heterologous expression of E1 and CBH1 in 
transgenic wheat 
5.1 Introduction 
The production of biofuels from agricultural cellulosic wastes as an alternative to corn 
based ethanol production has been the subject of significant interest (Mei et al., 
2009; Torney et al., 2007). The demand for corn for use in fuel ethanol production 
has increased the price of corn for food and feed uses in both in the US and in other 
countries that import corn based products (Somerville, 2006). It has been estimated 
that 10-50 billion tonnes of lignocellulose wastes from crop residues are available 
globally on an annual basis. Using current technologies it is estimated that 
lignocellulosic wastes could yield approximately 400 billion litres of ethanol per 
annum (Kim et al., 2004).  
 
There are two major roadblocks in commercialising lignocellulosic based bioethanol. 
These are microbial fermentation of cellulases and the pretreatment process. For 
lignocellulosic bioethanol production; significant costs are associated with both the 
pretreatment processes and the microbial fermentation of cellulases. Research into 
producing microbial cellulases has led to significant decreases in cost since 1980 
(Commandeur et al., 2003), but the costs associated with production of cellulases 
required to degrade pretreated lignocelluloses are still high (Mei et al., 2009). As an 
alternative, generating transgenic plants producing cellulases was thought to be cost 
effective. Further advantages of producing cellulases within plant biomass over 
microbial fermenters is that plants use solar energy whereas fermenters require 
significant input of energy (Mei et al., 2009). 
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To date, most reports of plant expression of cellulase enzymes focus on the E1 gene 
from Acidothermus cellulolyticus, and this has been expressed in a number of plants 
including Arabidopsis, potato, tobacco, duckweed, rice and maize (Biswas et al., 
2006; Dai et al., 2000; Hood et al., 2007; Mei et al., 2009; Oraby et al., 2007; Ziegler 
et al., 2000). In order to further increase E1 expression levels, work on 
transcriptional, post-transcriptional and post-translational modification of E1 protein 
has been carried out in tobacco (Dai et al., 2005). In addition, sub-cellular targeting of 
E1, and the CBH1 cellulase individually in transgenic maize seeds has also been 
reported (Hood et al., 2007). However, there are no reports of co-expression of E1 
and CBH1 proteins in transgenic plants. This Chapter describes attempts to co-
express the catalytic domains of the E1 and CBH1 proteins in transgenic plants. In 
addition, this study also describes the attempts to analyse the relative levels of E1 
and CBH1 protein accumulation in transgenic wheat and to compare these to levels 
reported in other transgenic plant systems. 
 
The wheat transformation vector included the coding regions for the catalytic 
domains of the CBH1 and E1. This vector was constructed to express both these 
genes in this important broad acre, temperate crop, which in the future may provide a 
potential abundant source of lignocellulosic wastes. 
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5.2 Materials & Methods 
 5.2.1 Construction of E1 and CBH1 entry clones  
Gateway® cloning (Invitrogen) uses the bacteriophage lambda recombination 
system, thereby avoiding traditional restriction enzyme and ligase-mediated cloning. 
Three fragment Gateway vectors were used to clone the expression cassettes of E1, 
CBH1 and a non-functional GFP fragment in an entry vector. The genes were flanked 
by recombination sites and introduced in a plant destination vector provided by the 
Molecular Plant Breeding Cooperative Research Centre (MPBCRC), Melbourne. The 
plant destination vector was engineered for transformation of wheat using the particle 
gun bombardment method (Pastori et al., 2001). The catalytic domains of E1 
(Genbank accession number NC_008578) and CBH1 (Genbank accession number 
E008578) from A. cellulolyticus and Trichoderma reesie were fused to the sequence 
encoding pr1a signal peptide which has the ability to target proteins to the apoplast. 
These genes containing the signal peptide and the two catalytic domains was fused 
in frame downstream of the wheat monocot Rubisco small subunit promoter (TarbcS 
promoter), and upstream of the polyadenylation signal of nopaline synthase (nos). 
This promoter, fusion gene and nos polyadenylation sequence was referred to as an 
expression cassette. 
 
The E1 and CBH1 expression cassettes were then assembled into different donor 
vectors (pDONR) carrying two distinct attP sites. The E1 and CBH1 expression 
cassettes were amplified by PCR using gene specific primers containing these att 
sites. The third fragment to be incorporated into the final vector, containing a non-
functional coding region of GFP (Green Fluorescent Protein) was obtained from 
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MPBCRC, Melbourne. This third component GFP was required to complete the 
recombination construction of the three fragment destination vector (Fig 5.1). 
 
The PCR products of E1 and CBH1 expression cassettes containing the 
recombination att sites were column purified and transferred into their respective 
donor vectors by the BP clonase recombination reaction. These BP reactions were 
transformed into chemically competent E. coli cells and plated on LB + kanamycin 
(50 mg L-1) for screening kanamycin resistant entry clones. Plasmid DNA was 
isolated from the recombinant entry clones and the arrangement of the individual 
DONR clones was confirmed by PCR with gene specific primers and restriction 
enzyme digestions.  
 
5.2.2 Construction of wheat transformation vector 
 
The second and final stage was generation of the wheat transformation vector from 
the three entry clones via the LR reaction (Fig 5.1). The three entry clones and the 
destination vector, pDESTR4-R3 (provided by MPBCRC, Melbourne) were used 
together in an LR recombination reaction to create the wheat transformation vector 
(Fig 5.1). 






































Figure 5.1 Overview of construction of wheat transformation vector 
The 5’ element (E1 expression cassette), GFP and the 3’element (CBH1 expression 
cassette) were combined in a LR reaction with the destination vector (provided by 
MPBCRC, Melbourne) to construct the wheat transformation vector.






Wheat transformation   
vector 
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5.3 Results 
5.3.1 Preparation of wheat transformation vector  
The successful transfer of the E1 and CBH1 expression cassettes into the final plant 
destination vector was confirmed by molecular analysis of the final recombinant 
plasmid. Recombinant plasmid was analysed by restriction digestion using NcoI. This 
resulted in the expected sized DNA fragments of 6624, 1732, 1478 and 1359 bp (Fig 
5.2 and 5.3). In addition, the PCR analysis confirmed the expected product size of 
327 and 437 bp for E1 and CBH1 gene fragments using gene specific primers (data 
not shown). Prior constructing the final plant transformation vector, E1 and CBH1 
entry clones were sequenced for their integrity. The sequenced entry clones were 






















































Figure 5.2 Wheat transformation vector 
The expression construct for an E1 and CBH1 catalytic domain (long orange arrows) 
is fused to the Pr1a transit peptide (short black line) and is driven by TarbcS 
promoter (short green arrows). A plant selectable marker gene bar (short orange 
arrows) was included between the ubiquitin promoter (long green arrow) and nos 
terminator (short black line).  




























Figure 5.3 Wheat transformation vector confirmed by restriction digestion   
Lane 1= DNA marker (GeneRuler 1 kb); Lane 2 = undigested recombinant plasmid 
DNA and Lane 3 = wheat transformation vector restriction digested with NcoI   (6624, 
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5.3.2 Regeneration and molecular analyses of E1 and CBH1 transgenic plants 
 
Immature embryos were bombarded with the wheat transformation vector and 
transgenic wheat plants were regenerated from immature embryo-derived calli. The 
plant transformation experiments were performed by MPBCRC, Australia. Putative 
transgenic wheat shoots were initially analysed by PCR for the presence of the CBH1 
and E1 genes in genomic DNA. Genomic DNA was extracted from a total of 92 
shoots that had regenerated on medium containing phosphinothricin. The PCR 
results indicated that there were 11 transgenic plants with E1 sequence, 12 with 
CBH1 sequence and 56 in which both the genes appeared to have been transferred 
into the plant material (Table 3).  
 
 









Transgenic wheat No. of plants 
E1 single transgenics 11 
CBH1 single transgenics 12 
E1 and CBH1 transgenics 56 
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5.3.3 Analysis of E1 single transgenics 
The transgenic plants were analysed for the presence of E1 transgene by PCR. The 
primers used were for the E1 cellulase gene sequence (Chapter 2 section 2.10, 
Table 2). The PCR generated a 327 bp DNA fragment, the size expected for 
amplification of the E1 sequence, from 11 of the 92 putative transgenic events. A 
representative sample of 10 E1 PCR positive transgenic lines is shown in Figure 5.4 
A. No band was amplified using non-transformed plant DNA as template (Fig 5.4 A). 
No amplification product was observed in these 11 events when the CBH1 gene 
specific primers were used for PCR reactions with genomic DNA template; however 
the use of the actin primers as an internal control, resulted in generation of the 











































Figure 5.4 PCR analysis of wheat genomic DNA for E1 (A) and actin (B) genes 
(A) Lane 1= DNA marker (Hyperladder1); Lane 2 = E1 entry clone, positive control 
(327bp); Lanes 3-12 = putative transgenic wheat plants; Lane 13 = non- transformed 
wheat plant and lane 14 = minus DNA, control. (B) Lane 1= DNA marker (Generuler 
1kb ladder); Lane 2 = non-transformed wheat plant (700bp); Lanes 3 = minus DNA; 
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5.3.4 Expression of E1 protein in transgenic wheat 
Expression of E1 protein in the 11 PCR positive transgenic wheat lines was 
examined by Western blot analysis using an E1 specific antibody. Six of the 11 
transgenic plants expressed a protein at approximately 40 kDa that cross-reacted 
with the E1 specific antibody. These bands were different in size to the 
immunoreactive band of the purified full length E1 protein from A. cellulolyticus (Fig 
5.5), but were of a size very close to that predicted for the truncated form of the E1 
enzyme used in these expression studies. The purified full length E1 protein ran at 70 
kDa in an SDS gel, again similar to what would be predicted for the full length purified 
protein and consistent with the mobility in other reports where this protein has been 
used (Ziegelhoffer et al., 2009). No cross reacting band was observed in the non-
transformed plant. The level of E1 protein accumulation in leaf tissues of these plants 
was estimated based on the known amount of purified protein loaded. The 
accumulation of E1 protein in the total soluble protein extracts of these transgenic 
plants was observed to be in the range of 0.2-0.5% of the total soluble protein. The 
highest accumulation of E1 protein of about 0.5% of the total soluble protein was 





































Figure 5.5 Western blot of total soluble protein of E1 transgenic plants 
Marker; = 250 kDa Molecular marker (Bio-Rad); 25 and 50 ng purified E1 protein = 
positive control; non-transformned = non-transformed plant control; 1983B1-1983 C1 
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5.3.5 Levels of E1 in transgenic wheat based on enzyme activity 
 
 In order to further evaluate the levels of E1 protein in Western blot positive 
transgenic wheat plants, estimates of the levels of E1 protein were determined based 
on a MUC fluorometric based assay. As a first step the enzyme activity of the 
recombinant A. cellulolyticus E1 enzyme was interpolated with a linear standard 
curve generated over the range of 5-30 ng of the purified standard. Levels of E1 
protein in transgenic plant extracts were calculated using the activities from the 
recombinant standards. This approach assumes that the truncated forms of the E1 
enzyme containing the catalytic domain displays the same specific activity in plant 
extracts as does the purified full length E1 protein from A. cellulolyticus.  
 
The results calculated from assays using wheat plant extracts agree quite closely 
with the levels of E1 as determined by Western blots using the E1 specific antibody. 
The level of E1 protein in a number of individual transgenic wheat plants is shown in 
Figure 5.6, with the calculated levels of E1 protein in transgenic plants ranging from 
0.2% to 0.6% of the TSP. These levels agreed closely with those estimated by 
Western blot, with an example being plant 1925B1 with a level of 0.6% of the TSP 




























 Figure 5.6 E1 cellulase expression levels in individual transgenic wheat plants. 
Values represent levels of E1 protein as a proportion of total soluble protein             
(TSP) as calculated from enzyme activity relative to activity of standard curve levels 
of E1 purified protein. 1983-B1-1983 C1= Six transgenic wheat plants. Each error bar 
represents±S.E.(n=3).
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5.3.6 PCR analysis of CBH1 single transgenics 
 
 
The genomic DNA extracts of the 92 transgenic plants were screened for the 
presence of the CBH1 transgene by PCR with gene specific primers for the CBH1 
sequence (Chapter 2, Section 2.10, and Table2). The PCR of CBH1 positive DNA 
resulted in a 437 bp product, the size expected from the CBH1 gene sequence. A 
437 bp product was observed in 12 of the 92 transgenic plants screened. No band 
was observed in the non-transformed plant (Fig 5.7). No amplification product was 
observed in these transgenic lines when the E1 primers were used in the PCR, 
indicating, that only the CBH1 gene sequence had been incorporated into the 






























































Figure 5.7 PCR analysis of transgenic wheat plants genomic DNA for the 
presences of CBH1 transgene 
 
Lane 1 = DNA marker (Hyper ladder1); Lane 2 = CBH1 entry clone (437bp); Lane 3 = 
wheat transformation vector; Lane 4 = minus DNA; Lane 5 = Non-transformed plant 
wheat DNA; Lanes 6- 17 = individual CBH1 transgenic lines. 
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5.3.7 Western blot analysis of CBH1 
To detect the CBH1 catalytic domain, a CBH1 antibody was raised in rabbit using a 
14 amino acid CBH1 synthetic peptide. The synthetic peptide was designed to the 
antigenic region of the CBH1 catalytic domain.  
 
In order to test the functionality of the commercially derived antibody against CBH1 
proteins expressed in a heterologous system, two expression vectors were 
constructed. The native T. reesei full length CBH1 sequence was cloned as NcoI and 
SalI into pUC120 creating NAV103 and the truncated sequence encoding the 
catalytic domain was cloned as a NcoI and SalI fragment into the pUC120 backbone 
creating NAV161. As a control for Western blot the parent vector pUC120 with no 
insert was used. All three of these vectors were transformed and expressed in E. coli.  
 
Western blot analysis of extracts from E. coli using the commercial antibody raised 
against 14 amino acid epitope within the catalytic domain of the CBH1 gene revealed 
cross-reacting bands in varying molecular weights (Fig 5.8). Native CBH1 purified 
from T. reesei showed strong cross-reactivity, with the band migrating slightly above 
the 50 kDa molecular weight marker. The migration is above the predicted on the 
basis of amino acid sequence, which predicts a theoretical molecular weight of 52 
kDa. This is probably due to an increase in molecular mass due to glycosylation of 
the CBH1 protein in the fungal host. Expression of full length coding sequence of 
CBH1 (NAV103) in E. coli, a prokaryotic host with no post-translational glycosylation 
system produced a cross-reacting band that migrates slightly ahead of the native 
protein, migrating slightly above the 50 kDa molecular weight marker. The theoretical 
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mass of the protein based on amino acid sequence is 52 kDa. The truncated catalytic 
domain construct when expressed in E. coli produced a cross-reacting band that 
migrates ahead of the 50 kDa molecular weight marker. Whilst the accurate 
estimation of the molecular weight is not possible in this gel system, the migration 
appears consistent with the predicted molecular mass of 46 kDa. No cross reacting 
bands was detected in the pUC120 vector. Having examined the cross-reactivity and 
specificity of the CBH1 antibody and the migration of protein products from full length 
and catalytic domain constructs, this can provide reference for examination and 
quantification of CBH1 constructs expressed in transgenic plants. 
 





























 Figure 5.8 Immunodetection of CBH1 catalytic domain in E. coli 
 
Lanes; Marker = 250 kDa Molecular marker (Bio-Rad); 25 ng CBH1= 25 ng native 
CBH1 purified from T. reesei (52.2 kDa); pUC120= negative control; NAV103= full 
length CBH1 sequence expressed in E. coli and NAV161 = CBH1 catalytic domain 
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5.3.8 Quantitation of CBH1 protein in transgenic wheat tissue 
Analysis of CBH1 levels in transgenic wheat lines previously shown by PCR analysis 
to contain the coding region for the CBH1 was undertaken using the same 
commercially produced CBH1 antibody as was used in 5.3.7. Whilst analysis of both 
the full length and truncated CBH1 catalytic domain proteins expressed in E. coli was 
clear, with only one cross reacting protein product in E. coli derived protein extracts, 
analysis of wheat tissue extracts was less clear. A total of 12 transgenic lines shown 
to contain the CBH1 gene sequence were examined. These lines were shown to 
contain CBH1 sequence but not to contain E1 sequences. 
 
Initial Western blot analysis of purified CBH1 protein (25 ng), control non-transformed 
tissue and a transgenic wheat line (1983 AT1) revealed the presence of a protein 
slightly smaller than the full length purified CBH1 protein (Fig 5.9 A). The band, 
slightly larger than the 50 kDa molecular weight marker varied in abundance in 
different transgenic lines, is clearly smaller than the purified native CBH1 protein, and 
too large to be the truncated CBH1 product from the transformation vector CBH1 
sequence. However, a cross-reacting band is migrating well ahead of both the full 
length CBH1 native protein and the cross-reacting band present in the non-
transformed plants and transgenic lines. Relative to migration of the molecular weight 
marker this band has a molecular weight approximately 46 kDa, the predicted size of 
the truncated CBH1 protein encoded in the transformation vector. This protein was 
detected in 4 out of the 12 transgenic lines examined. Based on comparison of the 
band intensities relative to known CBH1, the accumulation of CBH1 in transgenic leaf 
tissue was estimated to be between 0.1%-0.2% of the TSP. The transgenic wheat 
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line showing the highest levels of CBH1 protein was line 1983 BZ1 that accumulated 
0.2% of the TSP. The 46 kDa cross-reacting band did not appear in non-transformed 
samples. 




           
 






















Figure 5.9 Immunodetection of CBH1 catalytic domain in transgenic wheat 
In blots A, B, C and D, Lanes; Marker = 250 kDa Molecular marker (Bio-Rad); 25 ng 
CBH1= 25 ng of purified native CBH1 from T. reesei; NT= Non-transformed plants; 
Lanes 1983 AT1, AQ1, AI1 and BZ1= CBH1 single transgenic lines and Lanes*= 
independent transgenic lines. Total soluble protein extracts (10 μg) were loaded in 
each lane. 
A 
C *         *        *         *       *        *         
* 
B 
  *             *           *              *              * 
D 
kDa 
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5.3.9 Testing CBH1 antibody against non- transformed plant extracts 
 
To test the cross-reactivity of the antibody to non-transformed plant protein extracts, 
Western blot analysis was performed. In this experiment, 10 plants without any 
transgene were tested against CBH1 antibody. The non- transformed plants NT1 to 
NT4 did not show any cross-reacting band, but plants NT5- NT10 showed a cross 
reacting band at 50 kDa ( Fig 5.10). This 50 kDa crossreacting band was smaller in 
size to than the CBH1 purified protein. The CBH1 purified protein was used as 
positive control which runs at 52 kDa (Fig 5.10). This indicates that, there is variation 
in the presence or absence of the cross reacting band being observed between 
individual plants. This sort of pattern was observed when CBH1 antibody was tested 
against independent transgenic wheat lines. This supports the conclusion that the 
cross-reacting band in the non-transformed plant is not a product of the CBH1 





























Figure 5.10 Immunodetection of a non-specific binding in non-transformed 
plants using CBH1 antibody 
 
Lanes NT1-10 = Non-transformed plants; C+ = 25 ng of purified native CBH1 from T. 
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5.3.10 CBH1 expression levels in transgenic wheat 
 
The CBH1 expression was analysed in transgenic lines using the fluorometric assay 
in the same manner as E1 enzyme activity was calculated. In this case purified CBH1 
protein was used as a standard in the MUC based fluorometric assay. The CBH1 
accumulated in transgenic plants at 0.15%-0.28% of the TSP (Fig 5.11). The 
percentage of CBH1 in TSP was calculated based from a linear standard graph 
generated over the range of 5-50 ng of purified CBH1 protein from T. reesei. CBH1 
levels as determined from MUC activity is shown in Fig 5.10. Accumulation is in the 
range of 0.15%-0.28% of the TSP. This estimation from the biochemical assay 
closely correlated with that of the estimates from Western blots. For example, in 
transgenic line 1983 AI1, the CBH1 accumulation in TSP by Western blots and MUC 



















































Figure 5.11 CBH1 expression levels in transgenic plants as determined by MUC 
assay  
CBH1 accumulations in extracts from four transgenic wheat plants were assayed by 
MUC fluorometric activity. Values represent the percentage of recombinant CBH1 in 
total soluble protein of leaf extracts. Each bar represents ±SE. (n=3). 
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5.3.11 Analysis of E1 and CBH1 genes by PCR in double transgenics 
 
Ninety- two phosphinothricin resistant transgenic plants were screened for the 
presence of the E1 and CBH1 gene sequences using PCR with gene specific primers 
for E1 and CBH1. Amplification of the E1 sequences results in a 327 bp product and 
CBH1 a 437 bp product. Of the 92 plants screened, 56 were shown to contain 
sequences in the genomic DNA for both E1 and CBH1 producing amplification 
products at both 327 bp for E1 primers and 437 bp using the CBH1 primers. A 
representative sample of 24 plants analysis is shown in Fig 5.12. Within this sample, 
16 plants, indicated by the asterisks mark on the Figure have products for both E1 























































Figure 5.12 PCR analysis of wheat transgenic genomic DNA for presences of 
E1 and CBH1 
(A) PCR for the CBH1 transgene, Lane 1= DNA marker (Hyper ladder1); Lane 2 = 
CBH1 entry clone plasmid positive control (437 bp); Lanes 3-26 = CBH1 putative 
transgenic lines. (B) PCR for the E1 transgene, Lane1 = DNA marker (Hyper 
ladder1); Lane 2 = E1 entry clone used positive control (327 bp); Lanes 3-26 = E1 
putative transgenic lines.*= plants classified as double transgenics 
bp 
A 
      1    2    3   4    5    6   7   8   9  10   11 12 13  14 15 16 17 18  19 20  21 22 23  24 25  26 
*  *   *      *  *   *           *      *  *   *                  *   *  *   *   *  *   
*  *   *      *  *   *          *      *  *   *                  *   *  *   *   *  *   
B 
   1   2    3   4   5    6    7   8    9  10 11  12 13 14 15 16  17 18  19  20 21 22 23  24 25  26 bp 
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5.3.12 Western blot analysis of E1 in double transgenic plants 
Production of E1 protein in the 56 double transgenic plants was examined 
immunologically by using an E1 specific antibody. Total soluble protein extracts were 
prepared from the individual transgenic plants.  Bands of varying intensities, 
migrating at approximately 40 kDa were detected in 31 of the double transgenic 
plants.  A representative sample of 14 E1 Western positive lines is shown in Figure 
5.13 (A and B). The bands detected were similar in size to the purified E1 from A. 
cellulolyticus, which was included as a positive control.  
 
In Fig 5.13 a small amount of a cross-reacting band is observed in the non-
transformed (NT) lane, but this was most probably, due to overflow contamination of 
E1 standard protein from the adjacent lanes given the high loading of the standards 
and the sensitivity of the detection. This band was not present in other control NT gel 
lanes analysed (data not shown). 
 
Estimates of E1 protein accumulation in the double transgenics were in the range of 
0.2%-0.6% of the TSP, with line 1983 G1 appearing to have the highest E1 levels of 

































Figure 5.13 Immunodetection of E1 protein in wheat double transgenics   
(A) Lanes; NT = non – transformed plant; Lanes E-10, 20 and 30 = 10, 25 and 50 ng 
of E1 purified catalytic domain from A. cellulolyticus; 1983D-1925T1=  double 
transgenic plants expressing E1 protein. (B) Lanes; 2095 G1-1983G1= double 
transgenic plants expressing E1 protein. In these blots, 5µg of TSP was loaded in 
each lane except for lanes E1-10, 20 and 30. 
A 
B 
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5.3.13 E1 enzyme activity in double transgenic wheat plants 
In order to estimate levels of E1 protein in transgenic plants based on enzymatic 
activity a sample of double transgenic plants that showed a range of E1 protein 
levels, as determined by Western blots were assayed using the flourometric MUC 
assay. The levels of E1 were calculated according to comparison with a standard 
curve for E1 levels. Estimates of E1 protein accumulation from the enzyme assay 
agreed with estimates obtained using Western blots. The high levels of E1 
expression by both Western blot and MUC assay was found in lines 1983 G1, 2095 
B1 and 2186 A1, and lower levels were found in lines 1983 D and 1925 J1(Fig 5.14).  
 
In general, estimates of E1 protein levels did not vary greatly with the levels of E1 
varying between 0.2%-0.5% of the TSP (Fig 5.14). This data confirms that E1 
enzyme when expressed in transgenic wheat tissue retains enzyme functionality as 
determined in the MUC based flourometric assay. Furthermore, the levels of E1 
protein expressed as a transgene in double transgenic plants was similar to that in 






































 Figure 5.14 Levels of E1 protein in double transgenic wheat plants 
E1 levels as a % of total soluble protein in double transgenic wheat plants.  
Each bar represents ±SE (n=3). 
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5.3.14 Western blot analysis of CBH1 in double transgenics 
 
Production of CBH1 protein in double transgenic plants was examined 
immunologically by using a CBH1 antibody. Total soluble protein extracts were 
prepared from the individual transgenic plants. A representative sample of the CBH1 
Western blot analysis of double transgenic plants is shown in Figure 5.15. As with 
Western blot analysis of single transgenic plants with the CBH1 antibody a cross-
reacting band was present in the non transformed plant and in a number of the 
transgenic wheat lines. This cross-reacting band varied in intensity between different 
transgenic lines and was absent from a number of the transgenics. The band 
migrating at 46 kDa, the predicted size of the CBH1 transgene was present in 9 of 
the double transgenic lines, with the intensity varying, from the more intense higher 
level expressing line 1983 AL1, to lower levels in 2095 J1 and Q1 to very low, barely 
detectable in 1925 U1, Q1 and 1983 AA1. This cross-reacting band was absent from 
the non-transformed, control extract. Estimates of the CBH1 levels as determined by 














































Figure 5.15 Immunodetection of CBH1 protein in transgenics wheat lines  
(A) Lanes; Marker = 250 kDa Molecular marker (Bio-Rad); NT = Non– transformed 
plants; C+ = 25 ng of purified native CBH1 from T. reesei; Lanes 1983 AA1, AL1, 
1925 U1 andQ1= Transgenic wheat lines and Lanes*= independent transgenic wheat 
lines PCR positive for CBH1 transgene. In these blots 10 μg of total soluble protein 
extracts from the CBH1 single transgenic plants were used. 
 
(B) Lanes; Marker = 250 kDa Molecular marker (Bio-Rad); NT= Non– transformed 
plants; C+ = 25 ng of purified native CBH1 from T. reesei; Lanes 2095 J and Q1 = 
Transgenic wheat lines expressing CBH1 protein and Lanes*= Independent 
transgenic wheat lines PCR positive for CBH1 transgene. In these blots 10 μg of total 
soluble protein extracts from the CBH1 single transgenic plants were used. 
B 
A 
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5.3.15 MUC assay 
The accumulation of CBH1 in transgenic plants was in the range 0.2%-0.3% TSP. 
The transgenic wheat lines 1983 AL1, Q1 and 2095 Q1, expressing CBH1 protein, 
showed similar levels of CBH1 accumulation from the enzyme assay (Fig 5.16). For 
example, in the transgenic line 1983 AL1 the CBH1 protein accumulation was 
estimated to be 0.25% in TSP. This estimation was similar to 0.28% TSP estimated 
from the enzymatic assay. In addition, the CBH1 activity in transgenic lines 1925 U1  
and 2095 J1 could not be determined because these two transgenic lines not only 
expressed CBH1 but also expressed E1 (Figure 5.13 and 15). These are the only two 
transgenic lines expressing E1 and CBH1 proteins amongst the 92 transgenic lines 
produced. There is no discriminatory assay available to determine individual protein 
accumulation in TSP using the biochemical enzyme assay. In contrast, the CBH1 















































Figure 5.16 levels of CBH1 protein in double transgenics 
Percentage of CBH1 in extracts from four transgenic wheat plants. These four 
transgenic wheat plants are 1983 AA1, AL1, 1925 Q1, and 2095 Q1. Extracts were 
assayed for protein content and MUC activity. CBH1 abundance is expressed as a 
percentage recombinant CBH1 in total soluble protein of leaf extracts. Control 
extracts were used for background subtraction. Each bar represents ±SE.(n=3) 
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5.4 Discussion 
A number of research groups have successfully expressed the E1 cellulase in 
transgenic plants, in some cases to high levels. This thesis reports for the first time 
the co-expressed of E1 and CBH1 in transgenic wheat, a commercially important 
broad acre crop. It was hypothesised that the expression of a truncated form of the 
E1 and CBH1 genes, containing only the catalytic domain of the respective proteins, 
may aid the heterologous expression of both these enzymes in transgenic wheat 
because of their resistance to protein degradation by endogenous plant proteases. 
To investigate this hypothesis, both the genes were cloned into the one plant 
transformation vector using Gateway technology from Invitrogen prior to transfer and 
expression in plants. 
 
Microprojectile bombardment of immature embryos of wheat (Triticum aestivum Cr. 
Bob White) with the plant transformation vector consisting of E1, CBH1 expression 
cassettes, and the bar herbicide resistance selectable marker gene, resulted in the 
regeneration of ninety-two phosphinothricin resistant shoots. This work was 
performed by the MPBCRC, Australia. Shoots that regenerated were screened for 
the presence of the transgenes by PCR. This PCR screening indicated that 79 of the 
92 transgenic plants contained either or both the E1 or CBH1 transgenes, 11 being 
E1 single transgenics, 12 CBH1 single transgenics and 56 were co-transformed with 
both cellulase genes. In addition there were 13 plants that regenerated were negative 
for E1, CBH1 and bar genes (data not shown). These 13 plants appeared to be 
escapes. Despite the advantage of stringent selection to generate phosphinothricin 
resistant plants, the bar selection system seems to be a leaky selection system in 
recalcitrant cereals (Grootboom et al., 2010; Permingeat et al., 2003). 
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Expression of the gene encoding the E1 catalytic domain targeted to the plant cell 
apoplast yielded levels of E1 protein of nearly 0.6% of the total soluble protein in one 
of the transgenic wheat plants (1925 B1, Fig 5.6). This is higher when compared on a 
percentage of total soluble protein basis to levels obtained when the full length or the 
catalytic domain of E1 encoding genes were transformed and expressed in tobacco 
(Dai et al., 2005; Ziegelhoffer et al., 2001). It is also 1.2 and 3 fold higher than the 
levels of E1 observed in the cytosol and apoplast targeted protein constructs 
transformed into corn and duckweed (Hood et al., 2007; Sun et al., 2007). Possible 
reasons for this may include promoter strength differences between the constructs 
used in these experiments or may be to do with post translational stability, protein 
turn over and resistance to proteolysis. Protein extracts used in this present study 
were from mature plants and the higher levels of E1 protein observed in this study 
may be a reflection of protein accumulation and stability over the life of the wheat 
leaves (Ziegelhoffer et al., 2009). Therefore, the levels of E1 protein of 0.6% of total 
soluble protein observed would tend to indicate that E1 protein in the transgenic 
wheat leaves is stable and to a degree resistant to endogenous proteolytic enzymes. 
   
However, several other transgenic plant expression systems has expressed 
transgenic E1 protein at higher levels than observed in the transgenic wheat studied 
in this thesis. Ziegler et al., (2000) generated transgenic Arabidopsis that 43 fold 
higher levels of E1 compared to the transgenic wheat in this study and Oraby et 
al.,(2007) developed transgenic rice with 8 fold higher E1 levels, expressed as a 
percentage of total soluble protein, then a current study. In these studies the strength 
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of the transgene promoter, the CaMV35S with a translational enhancer sequence 
may have contributed to the higher levels of E1 observed in these studies. 
 
Other studies that were able to express E1 to high levels in a target crop plant were 
in maize in which E1 was targeted to the endoplasmic reticulum (ER) in transgenic 
plants and accumulation levels were 5% and 16% of the total soluble protein 
respectively (Hood et al., 2007; Mei et al., 2009). These results in part may be due to 
the use of transgenic constructs optimised for maize codon usage. However, it is 
likely that targeting to the ER may have had significant effect on levels of E1 in 
transgenic material. The ER normally contains a variety of molecular chaperone 
proteins that aid protein folding and increase stability and biological function of 
proteins. This may have particular relevance to E1 given that assembly and activity 
are dependent upon disulphide bond formation. An ER specific protein, protein 
disulphide isomerise (PDI) is specifically involved in the formation of disulphide 
bonds formation and isomerisation (Thomas et al., 1996)  and as such this enzyme 
may be enhancing expression of E1 by appropriate folding and disulphide bond 
formation of the E1 in the transgenic maize. 
 
Apart from nuclear transformation of E1 gene, E1 gene was also targeted and 
transformed to the chloroplasts of transgenic potato and tobacco (Dai et al., 2000a; 
Ziegelhoffer et al., 2009). The accumulation levels of E1 were 3.5 and 15 fold higher 
than the level of E1 expressed in this study. This could possibly be because E1 gene 
was under the control of Mac promoter (a hybrid promoter of mannopine synthase 
promoter and cauliflower mosaic virus 35S promoter enhancer region) and because 
of the use of various lengths of the N-terminus of the psbA gene product fused to the 
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E1 catalytic domain. This gene product from plastid genome encodes an efficiently 
translated mRNA for high level accumulation of recombinant protein. 
 
In the long term, co-expression of the E1 and CBH1 cellulases in transgenic plant is 
important. This is because the synergistic action of endocellulase and excocellulase 
is required for the efficient breakdown of crystalline cellulose to be used as a 
fermentable sugar for bioethanol production (Baker et al., 1998). Therefore 
expression of CBH1 is vital in plants if cellulase expression is to be used as a tool for 
biofuel production.  
 
To date, however, only two publications have reported the successful expression of 
CBH1; firstly Dai et al., (1999) reported expression in tobacco leaf tissue and Hood et 
al., (2007) reported the expression in transgenic maize seeds. Levels of CBH1 
catalytic domain transgene product accumulating in wheat leaf tissue in this study 
were approximately 0.2% of the total soluble protein in the highest expressing plants 
protein; this is about two fold higher than levels reported by Dai et al., (1999). One 
significant difference between the work in this study and the work in tobacco was the 
use of CBH1 catalytic domain construct in wheat in contrast the tobacco plants were 
expressing the full length protein, which includes the cellulose binding domain. The 
high levels of CBH1 reported by Hood et al for high CBH1 accumulation in seeds 
were extraordinarily high, with levels of nearly 18% of the total soluble protein being 
the CBH1 transgene product, which is over 70 fold higher than levels found in wheat 
leaves in this present study. Factors have contributed to this extraordinarily high 
levels of products may include the design of the gene construct to optimise for 
enhanced expression in maize, the tissue in which expression and protein 
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accumulation was targeted, with a seed (embryo) specific promoter (the maize 
globulin 1 gene) and the subcellular location of the translation product, with the 
highest levels of product achieved when the CBH1 was targeted to the cell wall. 
However, the use of seed specific promoter will increase the competition between 
food versus fuel, and the choice of tissue specific promoter in this study will result in 
accumulation of the proteins leaf tissues which would enable the use of crop residues 
for biofuels production. Subcellular targeting of transgene product in this present 
study had the CBH1 targeted to the apoplast; targeting the apoplast has been 
successful in a variety of plant expression systems for high level product 
accumulation (Chapter 1, table 1), but relative to CBH1 transgene product levels 
achieved in maize seed levels of 0.2% of total soluble protein in wheat leaves is 
modest. It has been suggested that in order to achieve digestion of crystalline 
cellulose a ratio of 20% endocellulase to 80% excocellulase is necessary and optimal 
(Baker et al., 1998), but given the observation in a number of transgenic plant 
systems that the accumulation of E1 protein is always reported to be at a higher 
levels than CBH1, there remains a significant challenge to obtain ratios that will 
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Chapter 6: General discussion 
6.1 Introduction 
The heterologous expression of proteins in transgenic plants is an established 
technology and many industrially important proteins such as enzymes, viral proteins, 
pharmaceutical proteins and peptides (including antibodies) and various structural 
proteins have been expressed in transgenic plants (Daniell et al., 2001; Hood et al., 
1997; Streatfield, 2002; Woodard et al., 2003). The accumulation levels of such 
proteins depend on a variety of factors, including characteristics of the individual 
protein of interest. There are number of examples where proteins have been 
successfully expressed in large quantities when targeted to the apoplast (Oraby et 
al., 2007; Ziegler et al., 2000). 
 
Cellulosic biomass is one of the richest sources of stored energy on earth (Baker et 
al., 1998). The use of ethanol as a transportation fuel dates back to the early 20th 
century (DiPardo, 2002). In addition, ethanol as a fuel is being used in many 
countries around the world (Wheals et al., 1999), however, the present techniques 
used for ethanol production as a fuel from sugarcane and corn, increases the 
competition between the food and the fuel (DiPardo, 2002). To avoid the conflict 
between the food and fuel, an alternative approach would be to use the cellulosic 
biomass as source of feedstock for fermentation, but the current means of 
processing make this approach prohibitively expensive (Mielenz, 2001). In an attempt 
to overcome these economic barriers the use and improvement of bioconversion 
technologies have been explored. Such work includes the isolation, characterisation 
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and development of microorganisms such as the yeasts being developed for 
simultaneous saccharification and fermentation (Mielenz, 2001), an new microbial 
cellulases, developed through protein engineering or directed evolution (Himmel et 
al., 1999), and the search for and development of new, novel, inexpensive and more 
efficient cellulases, have all been extensively studied (Kawazu et al., 1999; Sakka et 
al., 2000). 
 
One avenue that is currently being explored to either lower or eliminate the costs 
associated with enzyme production is the use of plants as bioreactors to produce the 
cellulase enzyme and have these cellulases remains in the plant residue. This 
approach would address the problem of enzyme cost and also the problems that will 
be associated with large-scale adaptation of enzyme production facilities to meet the 
growing demand. Some studies have shown successful expression of cellulases 
using nuclear genetic transformation (Biswas et al., 2006; Dai et al., 2001; Dai et al., 
1999; Dai et al., 2000; Hood et al., 2007; Mei et al., 2009; Ziegelhoffer et al., 2001; 
Ziegelhoffer et al.,2009; Ziegler et al., 2000), but extensive research is required to 
bring the levels of cellulase enzyme expression in plants to levels that will make this 
a viable approach. 
6.2 Summary of findings in this present study 
Chapter 3 reports the work attempting the heterologous expression of E1 and CBH1 
in transgenic tobacco. Transgenic tobacco plants were found to accumulate E1 
protein up to levels at 0.05% of the total soluble protein. All transgenic plants were 
screened for enzymatic activity with the synthetic substrate MUC as well as by 
Western blot using an E1 specific antibody. It was observed that those transgenic 
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lines expressing E1 under the control of the TarbcS promoter showed similar levels 
of E1 protein accumulation as determined by enzyme activity and Western blot. The 
maximum accumulation of E1 catalytic domain protein in the transgenic tobacco 
under the TarbcS promoter showed an 83 fold increase over the cytosolic 
accumulation levels of 0.0006% of the total soluble protein and 71 fold increase over 
the chloroplast accumulation of 0.0007% of the total soluble protein previously 
reported (Ziegelhoffer et al., 2001). In contrast, however, levels of expression of E1 
achieved were lower than other examples of transgenic expression of E1, in 
particular for apoplast targeted expression (Biswas et al., 2006; Dai et al., 2005; 
Hood et al., 2007; Oraby et al., 2007; Sun et al., 2007; Ziegelhoffer et al., 2001; 
Ziegler et al., 2000). The differences between the E1 expression levels observed in 
this present study and the levels observed in other transgenic plant systems is not 
surprising given the differences in promoters used. It has been reported that 
expression of recombinant protein under the control of a monocot promoter in a dicot 
system is 10-fold lesser than the levels of protein expressed under constitutive or 
dicot promoters (Christensen and Quail, 1996).  The fact that E1 under the control of 
TarbcS promoter was expressed in the transgenic tobacco may be considered 
surprising. However, given enzymatic activity and detection by Western blot both 
confirmed expression of E1 protein in transgenic tobacco; therefore there can be 
confidence in the conclusion that there was some level of expression of E1 protein in 
transgenic tobacco under the control of the Tarbcs monocot promoter in tobacco. 
 
In contrast to E1 there was no expression of CBH1 transgene detected in transgenic 
tobacco. Neither enzymatic activity assays nor Western blots detected CBH1 in 
transgenic tobacco. This lack of detected expression of CBH1 in transgenic tobacco 
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is not surprising due to the use of a monocot promoter, but may also be compounded 
by factors such as codon usage preference, differences between the host plant and 
the transgene construct, the G+C content of the transgene or the possibility that the 
transgene contains sub-sequences with the construct that, when expressed in plants 
acts as instability signals (Taylor  et al., 2008). These signals can be in the form of 
DNA, mRNA or protein that function normally in the native organism but have a 
detrimental impact on gene expression in planta. Therefore, native CBH1 gene can 
be codon optimised for better expression in the plant. In addition, cryptic splice sites 
and mRNA-destabilizing motifs or potential protease sites present in the sequence 
can be removed by de novo gene synthesis for CBH1 gene expression in planta 
(Taylor  et al., 2008). In a previous study, Hood et al 2007 reported a significant 
increase in CBH1 full length protein expression in maize kernels by codon optimizing 
first 40 codons for the optimal process of translation. The most likely explanation for 
the failure to detect CBH1 activity in transgenic tobacco is most probably the lack or 
very low levels of transcription from the TarbcS monocot promoter then followed by 
low levels of translation, and perhaps instability of the CBH1 protein within the 
transgenic plant tissue. 
 
In contrast to work reported in Chapter 3 the results detected in Chapter 4 using the 
GUS reporter gene and transient expression analysis show the functionality of the 
TarbcS promoter in two monocot systems, wheat and maize. This work then led to 
the studies detailed in Chapter 5 where successful expression of both the E1 and 
CBH1 protein in transgenic wheat was achieved. The expression of the catalytic 
domain of E1 targeted to the apoplast was found to accumulate to 0.6% of the total 
soluble protein in one individual nuclear transformed wheat plant. The accumulation 
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was 3, 1.8 and 1.5 fold higher than E1 full length and catalytic domain expressed in 
tobacco (Dai et al., 2005; Ziegelhoffer et al., 2001)  and 1.2 and 3 fold higher than E1 
catalytic domain expressed in the apoplast and cytosol of nuclear transformed corn 
seed and duckweed (Hood et al., 2007; Sun et al., 2007). 
Accumulation of CBH1 protein in transgenic wheat leaves was found to be 2 fold 
higher to that of reported CBH1 protein accumulation levels of 0.11% in the total 
soluble protein of transgenic tobacco by Dai et al (1999). This is an interesting result 
because this is first reported expression of CBH1 catalytic domain at 0.25% of the 
TSP when compared to that of full length CBH1 expressed in transgenic tobacco.  
 
In contrast, the expression levels of E1 and CBH1 proteins was lower when 
compared to previously reported individual expression of these two cellulases in 
transgenic maize (Hood et al., 2007). This is due to the lack of codon usage 
preference between the host plant and the transgene construct as reported by Hood 
et al (2007). This indicates that apart from the use of ideal promoters, codon 
optimization is also required for high level expression of CBH1 protein. 
 
Overall, this study has shown that E1 can be successfully expressed in tobacco and 
wheat leaves under the control of TarbcS promoter. The E1 protein accumulation 
level was up to 0.05% and 0.6% of the total soluble protein in transgenic tobacco and 
wheat leaves. This study also reports that CBH1 gene could be expressed along with 
E1 in wheat under TarbcS promoter. The protein accumulation level of CBH1 was up 
to 0.25% and E1 protein accumulation level was up to 0.6% of the total soluble 
protein. Transgenic plants expressing E1 and CBH1 from tobacco and wheat were 
enzymatically active when tested against the MUC fluorescent substrate. 
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6.2 Future directions  
Future studies should investigate the use of stronger promoters, codon optimisation, 
targeting of these enzymes in one transgenic plant to multiple sub-cellular locations 
(vacuole, apoplast, endoplasmic reticulum, chloroplast) in order to increase levels of 
enzyme production and produce enzymes with higher biological activities (Mei et al., 
2009). The area of research interest can be to modify the plant cell-wall 
polysaccharides, to reduce the production of lignin biosynthesis enzymes, or to 
enhance production of polysaccharides or try to increase the biomass content of the 
plant biomass to play vital roles in decreasing biofuels production costs. 
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 Appendix 1 Vector maps 
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Appendix III Solutions and Media 
Agarose Electrophoresis Gel 
DNA Grade Agarose 1% (w/v) 
Made up in either 1x TBE or 1x TAE Buffer (to match running buffer used) 
Antibiotic Stock Solutions 
Ampicillin 50 mg/mL in H2O 
Chloramphenicol 30 mg/mL in absolute ethanol 
Gentamycin 100 mg/mL in H2O 
Kanamycin 100 mg/mL in H2O 
Cefotaxime 100 mg/mL in H2O 
Spectinomycin 200 mg/mL in H2O 
Bromphenol Blue Loading Dye (6x) 
Bromphenol Blue 0.25% 
Glycerol 30% 
Xylene Cyanol 0.25% 
LB Agar Plates 
LB Broth 
Bacterial Grade Agar 15 g/L 
155 
LB Broth 
Tryptone 10 g/L 
NaCl 5 g/L 
Yeast Extract 5 g/L 
Adjust pH to 7.0 
Miniprep Solution 1 
Glucose 50 mM 
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Tris-HCl pH 8.0 25 mM 
EDTA 10 mM 
Miniprep Solution 2 
NaOH 0.2 M 
SDS 1% (w/v) 
Miniprep Solution 3 
Potassium Acetate 5 M 
Glacial Acetic Acid 0.115% 
MS Liquid Medium 
MS Salts Mixture (Invitrogen) 4.3 g/L 
MS Vitamin Mixture (500x) 2 mL/L 
Sucrose 30 g/L 
Adjust pH to 5.8 
MS Medium 
MS Liquid Medium 
Phytagel 4 g/L 
MS Regeneration Medium 
MS Medium 
Benzyl-amino-purine 1 mg/mL 
Naphthalene-acetic acid 0.1 mg/mL 
MS Regeneration + Selection Medium 
MS Regeneration Medium 
Antibiotics to desired concentration 
MS Selection Medium 
MS Medium 
Antibiotics to desired concentration 
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MS Vitamin Mixture (500x) 
Pyridoxine HCl 0.25 g/L 
Thiamine HCl 0.05 g/L 
Nicotinic Acid 0.25 g/L 
Glycine 1 g/L 
MUC Assay Buffer 
Sodium Acetate 50 mM 
NaCl 100 mM 
MUC 1 mM 
MUC Minus Buffer 
Sodium Acetate 50 mM 
NaCl 100 mM 
MUC Stop Buffer 
Glycine-NaOH pH10 150 mM 
Protein Extraction Buffer 
50 mM sodium acetate pH 5.5 
SDS Gel Loading Buffer (2x) 
SDS 4.5% (w/v) 
Glycerol 25% 
DTT 0.25 M 
Tris-HCl pH 6.8 0.15 M 
Bromophenol Blue 0.1 μg/mL 
Temed 0.1% 
SOC Broth 
Tryptone 20 g/L 
NaCl 0.5 g/L 
Yeast Extract 5 g/L 
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KCl 2.5 mM 
*Autoclave and cool 
Glucose (filter sterile) 20 mM 
TBE Buffer 
Tris-Borate 90 mM 
EDTA 2 mM 
TBS 
Tris-HCl pH 7.4 20 mM 
NaCl 150 mM 
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TE Buffer 
Tris-HCl pH 8.0 10 mM 
EDTA 1 mM 
Western Blocking Buffer 
TBS 
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Appendix IV standard graphs 
 
